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Narrow bandgap semiconductor nanocrystals are promising materials for 
solar cell applications. The critical issue, however, is the poor stability in 
liquid junction devices, resulting from dissolution of the materials in 
electrolyte upon illumination, which leads to moderate performance. The 
reason presumably lies in the sluggish charge transfer at the non-optimized 
semiconductor/electrolyte interface. 
 
In this thesis, several methods were explored in order to modify the 
semiconductor sensitizer interface, among which molecular relay revealed 
superior device power conversion efficiency and photostability to other inert 
materials, such as ZnS, wide bandgap metal oxides and inert coadsorbents. 
Thereafter, various semiconductor-relay systems were systematically 
investigated in semiconductor-sensitized solar cells with cobalt bipyridyl 
complex as electrolyte. These relay molecules mainly belong to 
triphenylamine, phenoxazine and ferrocene derivatives, inspired from studies 
in dye-sensitized solar cells. Additionally, the same concept was able to carry 
out the oxygen evolution reaction with which overall water splitting in 
photoelectrochemical cells with enhanced photostability was achieved. 
 
More significantly, the mechanism for the performance enhancement was 
scrutinized by various time-resolved techniques. Taking CdS/PAPC as an 
xi 
example, transient absorption measurement indicates that the photo-generated 
holes reside in the valence band of the semiconductor sensitizer only for very 
short time (~ps) before transferred into the surface grafted relay molecules, 
which would be regenerated subsequently by the reduced species in electrolyte 
in a timescale of microsecond. The results imply the importance of interfacial 
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Chapter 1 Introduction 
 
1.1 Renewable energy 
With the booming of economy and development of human civilization, 
energy demand and consumption have been increasing exponentially 
worldwide nowadays. In 2014, the global energy consumption is around 12.9 
billion tonnes of oil equivalent (toe),
1
 which is going to be 18 billion toe in 





Traditional fossil fuels, such as oil, coal, and natural gas, contribute more 
than 80 percent to the overall global energy consumption in the past decades, 
but it is estimated that these energy sources are going to run out in 52.5, 54.1, 
and 110 years, respectively.
1
 What’s more, the excessive use of fossil fuels 
causes many environmental problems, including air pollution and greenhouse 
effect. Reported by World Health Organization (WHO), seven million people 
died as a result of air pollution exposure in 2012, which is about one eighth of 
total global deaths.
3
 In addition, the greenhouse gas CO2 was produced around 




Under such serious situation, effort has been done by researchers all over 
the world to develop novel technology for safe, green, economic and 
substantial alternative energy. One good choice is the renewable energy, such 
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as sunlight, wind, tides, and geothermal heat.
1
 This is also displayed by the 
fact that the shares of the renewable energy rise gradually, while those of 
conversional fossil fuel decrease in recent years based on the BP statistical 




Among the various types of renewable energy, solar energy has drawn an 
increasing attention recently. The sun provides approximately 3.85 million 
exajoules (EJ) to the planet every year, which are twice as much as fossil and 
mined uranium combined, far more beyond the energy requirement of human 
activity. In order to utilize the energy, about 47 GWp of new photovoltaics 





Currently, crystalline silicon (c-Si) modules, including single- (sc-Si) and 
multi-crystalline (mc-Si), dominate the photovoltaics market with around 90% 
share, because of their relatively higher average power conversion efficiency, 
reaching 16% in 2013.
6
 However, the requirements for high purity silicon 
materials and complex production process inevitably lead to exorbitant prices, 
even though the manufacturing cost has been gradually reduced by new 
technology in recent years. These inherent problems promote people to 





Thin film technology has come up to lower the cost by reducing the film 
thickness from hundreds to several micrometers, which helps relax the 
limitation of long minority carrier diffusion length, allowing less pure 
polycrystalline or even amorphous materials for photovoltaics. Hence, the 
materials for thin film photovoltaics must have superior extinction coefficients 
to the crystalline silicon, such as cadmium telluride (CdTe), and copper 
indium (gallium) diselenide (CuInSe2 or CuInxGa1-xSe2).
7
 The main problem 
of this type of solar cells is that these materials either contain toxic elements 
(i.e. cadmium) or rare elements (i.e. indium), despite of the moderate 
photovoltaic performance. 
 
Dye-sensitized solar cells (DSCs)
8-10
 have received widespread attention 
recently, due to their tunable optical properties and low fabrication costs 
compared with the traditional silicon photovoltaics and the thin film solar cells. 
DSC is a photoelectrochemical device based on a dye-sensitized metal oxide 
photoelectrode and electrolyte. The well-known version of DSC, also known 
as the Grätzel cell, was first invented by Brian O'Regan and Michael Grätzel 
in 1991, with porous nanocrystalline TiO2 as the photoanode, achieving a 
record power conversion efficiency of about 7%.
11
 The key point to this 
breakthrough is to significantly enhance the surface areas by around 1000 
times from the smooth surface to the three-dimensional nanoporous structure. 
After over two decades development, the most efficient DSC by now is 
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employed with a molecularly engineered porphyrin dye (SM315) and 
cobalt(II/III) tris(bipyridyl)-based redox mediators, yielding a high VOC of 
0.91 V, jSC of 18.1 mA cm
–2
, fill factor of 0.78, and power conversion 




1.2 Semiconductor-sensitized solar cells 
With the continuous development of DSCs, another type of photovoltaics, 
semiconductor-sensitized solar cells (SSCs),
13-18
 have also gained considerable 
interest. SSCs are similar to their dye-sensitized counterpart in terms of 
working principle and device structure. The major difference is the light 
absorbers. In the SSCs, the sensitizers are usually narrow bandgap 
nanocrystalline semiconductors, while in the DSCs, they are organic dye 
molecules.  
 
These semiconductor sensitizers have several intriguing properties, such 
as the high molar extinction coefficient,
19 
multiple exciton generation (MEG) 
effect,
20-24





If these nanocrystalline semiconductors are quantum dots, this type of 
photovoltaics is also referred to as quantum dot-sensitized solar cells (QDSCs). 
However, the morphology of deposited nanocrystalline semiconductors is 
frequently agglomerated cluster or layer instead of isolated nanocrystals, and 
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the name SSC might be more accurate than QDSC. 
 
1.2.1 Device structure and working principle 
Figure 1.1 shows a typical device structure illustrating the working 
principle of SSCs. Under illumination, the semiconductor sensitizer absorbs 
photons to excite electrons from the valence band (VB) to conduction band 
(CB). Then the photo-generated electrons are injected into the underlying 
metal oxide, as a result of lower energy of CB level than that in the 
semiconductor sensitizer. With a multiple trapping or hopping mechanism, 
these charge carriers diffuse through the film and are finally collected by 
transparent conducting oxide (TCO) glass, entering the external circuit. 
Meanwhile, the oxidized sensitizers are regenerated by reduced species in 
electrolyte, which become oxidized and diffuses to counter electrode where it 
is reduced back, completing the overall photo-electrochemical cycle. 
 
Generally, SSCs contain four main components: nanostructured metal 
oxide electrode, semiconductor sensitizer, electrolyte or hole conductor, and 





Figure 1.1 A schematic structure illustrating the working principle of 
semiconductor-sensitized solar cells. 
 
1.2.2 Nanostructured metal oxide electrode 
The key point of metal oxide electrode is to use nanometer material of 
suitable energetics, so as to enhance the effective surface area for the loading 
of light absorbers. The most common one is TiO2,
26-29
 as well as other wide 






 etc. The morphology 







 Among all these candidates, the most popular 
ones are nanoparticulate TiO2 for n-type and NiO for p-type photovoltaics. 
 
1.2.3 Semiconductor sensitizer 
There are many semiconductor sensitizers with different absorption 

















 etc. Besides the above traditional 
semiconductors, perovskite materials
59-69
 have drawn great attention for their 
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superior performance. The highest efficiency of perovskite solar cells is 
approaching 20%.
70, 71
 There are mainly three types of deposition methods for 
the preparation of semiconductor sensitizers in SSCs: pre-synthesized 
colloidal quantum dots (QDs),
72
 chemical bath deposition (CBD),
73
 and 




Pre-synthesized colloidal quantum dots attached to the nanoporous 
electrode surface directly or by some bifunctional molecular linkers, like 
thioglycolic acid (TGA) or 3-mercaptopropionic acid (MPA). In this case, 
SSCs can be referred to as QDSCs. QDs prepared by this method are 
monodisperse, in good crystallinity, but with a low surface coverage on the 
nanostructure metal oxide. The bifunctional molecular linker is also a barrier 
for the electron injection process. 
 
The other two approaches are in situ methods for the deposition of 
semiconductor sensitizers. CBD can directly grow semiconductor on the 
photoelectrode surface with a higher loading but more aggregation. SILAR 
method has better control on the growth of semiconductor and exhibits high 
semiconductor loading with low aggregation making it one of the most 
popular deposition methods. 
 
1.2.4 Electrolyte or hole conductor 
There are several requirements for the electrolytes. Generally, they should 
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be thermally, chemically, electrochemically and photochemically stable both 
in the dark and illuminated conditions. 
 
The most widely used electrolyte for semiconductor-sensitized solar cells 
is the polysulfide solution, because of its compatibility with sensitizers and 
superior hole extraction ability from the valence band of semiconductor 
sensitizers, presenting the best performance in many types of SSCs.
28, 74, 75
 









but semiconductor sensitizers usually suffer from severe photocorrosion issue 
and result in poor stability of liquid junction devices.  
 







 The advantage of 
solid-state SSCs is obvious that the photovoltaic device is expected to be more 
stable than its liquid counterpart. 
 
1.2.5 Counter electrode 
The counter electrode should exhibit excellent catalytic activity towards 





 and cobalt complexes in DSCs,
77
 fails to catalyze the 
polysulfide species effectively, because the sulfur compounds show a 
poisoning effect by chemically adsorbing onto the surface of platinum and 






Previous work reveals that transition metal sulfides generally show 
fantastic catalytic activities for the polysulfide electrolyte. Among these 
sulfides, one of the best candidates is the Cu2S.
86 
This counter electrode is 
usually prepared by immersing a piece of brass foil into the hydrochloric acid 
in order to remove the zinc component and achieve a porous structure copper 
thin film. Then several drops of the polysulfide solution are reacted with the 




However, there is still a drawback for this preparation method that the 
polysulfide electrolyte reacts with copper in the substrate alloy continuously, 
due to the absence of a passivation layer between the electrolyte and the brass 
foil. That would make the counter electrode chemically and mechanically 




As such, several alternative configurations for the counter electrode are 
exploited to take the place of the brass substrate, including composites of 
carbon black with PbS,
88
 reduced graphene oxide with Cu2S,
28, 87
 cobalt pyrite 
(CoS2) thin films,
89




For the solid-state SSCs, the counter electrode only requires a high 
conductivity and a particular energy level to form an Ohmic contact. The most 




1.2.6 Recent development of SSCs 
The photovoltaic performance of SSCs has continually increased with the 
improvement in material science. SSCs with PCE higher than 4.5% have been 
listed in Table 1.1. 
 





















Polysulfide PbS 580 18.3 45.0 4.70 91 
TiO2 CdSe/ZnS Polysulfide Cu2S 551 17.7 49.1 4.78 44 




Polysulfide Cu2S 575 13.7 63.0 4.92 93 
TiO2 Sb2S3 P3HT Au 556 12.3 69.9 5.06 81 
TiO2 CdSe/ZnS Polysulfide Cu2S 579 15.8 57.0 5.21 37 











558 20.7 47.0 5.42 28 




















Polysulfide Cu2S 653 20.8 60.5 8.21 97 
 
1.3 Semiconductor interfacial engineering for high 
efficiency and stability photoelectrochemical cells 
Although the power conversion efficiency of the SSCs has reached above 
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8% in CdSexTe1-x/ZnS/SiO2-sensitized TiO2 solar cells recently,
97
 it still lags 
far behind its molecular sensitizer counterpart, let alone the perovskite solar 
cell whose efficiency is closing to 20%. 
 
One of the reasons for the relative low power conversion efficiency is the 
low open circuit voltage and fill factor. The open circuit voltage is mainly 
dominated by the negative redox potential of the polysulfide electrolyte 
(~0.67 V vs. Ag/AgCl)98, while the fill factor partly by the sluggish catalysis 
rate of redox mediator species at the counter electrode. 
 
Therefore to further improve the photovoltaic performance, non-corrosive 
redox mediators should be applied to take the place of polysulfide electrolyte. 
In addition, in order to enhance both VOC and fill factor, the electrolyte is also 
required to have a more positive potential than polysulfide and better catalytic 
property towards the counter electrode. 
 
Of various redox mediators investigated by now, the cobalt bipyridyl 
complexes seem to be promising in term of several aspects. Firstly, the redox 
potentials are generally more positive than polysulfide electrolyte, which for 





 In addition, the platinized FTO counter electrode reveals 
excellent catalytic property towards [Co(bpy)3]
2+/3+
-based electrolyte leading 
to a good fill factor. Actually, the cobalt bipyridyl complexes have already 
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been employed in DSCs successfully,
10, 100, 101
 obtaining a power conversion 




There have been several attempts to employ [Co(bpy)3]
2+/3+
-based 
electrolyte in semiconductor-sensitized solar cells. Unfortunately, the 
photovoltaic devices suffered from serious photocorrosion and fast 




To overcome the photocorrosion problems, people have tried to protect 





, which however forms an energy barrier for hole 
separation. 
 
Alternatively, small molecule with negative dipole moment has also been 
studied, whose energy band diagram is shown in Figure 1.2. It is asserted that 
the energy levels of the semiconductor shift upwards due to the electrostatic 
field induced by the negative dipole moment molecules, which facilitates the 
electron injection to TiO2 conduction band, but the improvement of the 







Figure 1.2 Energy band diagram of semiconductor/negative dipole system. 
The arrows are the electric field induced by the negative dipole moment.  
 
In addition, organic dye molecules with complementary absorption and 
suitable energy levels were grafted on the semiconductor surface for 
modification, as displayed in Figure 1.3.
77, 102, 105, 106
 Yet as a result of the 
complexity and inefficient charge transfer processes across the multiple 
interfaces, the overall solar performance is only comparable to or even worse 
than the sole dye-based photovoltaic devices. The research of 
semiconductor/dye system actually mainly focuses on the fundamental study, 
such as interaction
107
 and charge transfer mechanism
108, 109






Figure 1.3 Typical schematic illustrating of the mesoscopic sensitized TiO2 
electrode grafted with organic dye molecule on the surface of semiconductor 
sensitzer. 
 
As summarized in Table 1.2, the structures of molecular dyes are so 
complicated that makes them difficult to design and synthesize. One of the 
solutions is to use a simple molecular relay rather than a complex organic dye, 
which will be discussed in detail in the following chapters. 
 
Table 1.2 Collection of some molecular dyes for semiconductor/dye 
system. 








































Generally, photo-generated holes should be removed instantaneously from 
the semiconductor sensitizer after the electron injection process just as what 
the polysulfide electrolyte does. Additionally, one should also try to block the 
fast recombination between the injected electrons in the conduction band of 
metal oxide and the oxidized species [Co(bpy)3]
3+
 in the electrolyte. 
 
In order to overcome the above issues, I have attempted to protect the 
interface of semiconductor sensitizers with various materials that will be 
discussed in Chapter 3 in details, among which molecular relay exhibits the 
best solar performance improvement. The concept is totally different from the 
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previous semiconductor/dye system reviewed before, since the molecule here 
is colorless making it a molecular relay instead of a co-sensitizer. 
 
In the following chapter, several other triphenylamine derivatives, 
including the simplest one in Chapter 3, are investigated as redox relay grafted 
on the surface of semiconductor sensitizers, in order to further improve the 
performance. One of the key points is that the redox potential of the relay 
molecule should just locate between the VB of semiconductor sensitizer and 
redox potential of electrolyte, so that the hole injection is not blocked based on 
the thermodynamical theory. 
 
Similar to the D-pi-A structure for organic dyes, the long alkoxy chain 
also helps to reduce the recombination as well as enhance VOC, jSC, and power 
conversion efficiency in solar cells. In addition, it was found that the thiol 
binding group works not so good as carboxylic acid group, even though they 
both can well link the relay molecule onto the semiconductor surface. Besides 
triphenylamine derivatives, phenoxazine and ferrocene derivatives are applied 
to modify the interface of CdSe, and photovoltaic performance improvements 
have been observed in the CdSe/relay-sensitized solar cells. 
 
Fundamental investigation is then carried out in Chapter 5 to monitor the 
charge transfer mechanism. Taking the CdS/PAPC system as an example, the 
transient absorption measurement indicates that the photo-generated holes 
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reside in CdS only for picoseconds before transferred into the surface grafted 
molecular relay. This instantaneous interception of photo-generated holes 
from the semiconductor valence band greatly improves the charge separation 
process and stabilizes the sensitizers in cobalt bipyridyl complexes, which 
consequently leads to an unprecedented efficiency and photostability in the 
photoelectrochemical cells. 
 
Different from the above n-type SSCs, a viologen derivative is used as an 
electron acceptor to modify the semiconductor interface in p-type devices, 
which will be covered in Chapter 6. 
 
Besides photovoltaics, this concept is also effective for the overall water 
splitting. In Chapter 7, I show that, with the help of a triphenylamine 
derivative as the molecular relay, CdS-sensitized TiO2 photoanode 
demonstrates dramatically enhanced photocurrent and stability, and 
concomitant oxygen and hydrogen evolutions in the photoelectrochemical cell, 
instead of just hydrogen generation. 
 
It must be pointed out that the studies of phenoxazine, ferrocene, and 
viologen derivatives with different structure are fairly preliminary and the 
device performance is to be further optimized, like what has been done in 
Chapter 4 for triphenylamine derivatives. With the fact in mind, 
recommendations for future studies are included in Chapter 8. 
19 
Chapter 2 Experimental Procedures and 
Characterizations 
 
2.1 Preparation of TiO2 and NiO electrode 
2.1.1 Preparation of TiO2 photoanode 
Fluorine-doped tin oxide (FTO, Pilkington TEC-15, 15 Ω sq1) glass plate 
was cleaned by 5% Decon 90 solution, deionized water and ethanol in an 
ultrasonic bath sequentially. A compact TiO2 layer was synthesized onto the 
cleaned FTO glass by spray pyrolysis at 500 C with a precursor of 0.20 M 
diisopropoxytitanium bis(acetylacetonate) solution dissolved in ethanol. A 
transparent mesoporous TiO2 layer (20 nm, Dyesol, ~6 μm) was prepared onto 
the substrate by screen-printing method. In some cases, another scattering 
layer (~400 nm, Dyesol, ~2 μm) was also screen-printed onto the transparent 
TiO2 layer. Thereafter, the electrode was gradually heated at 125 °C for 5 min, 
at 325 °C for 5 min, at 375 °C for 5 min, at 450 °C for 15 min and at 500 °C 
for 15 min. Finally, the TiO2 electrode was treated by 40 mM TiCl4 aqueous 
solution at 70 °C for 30 min and then sintered at 500 °C for 30 min. 
 
2.1.2 Preparation of NiO photocathode 
The precursor solution was prepared by mixing NiCl2, F108 triblock 
copolymer (polyethyleneoxide-polypropyleneoxide-polyethyleneoxide, PEO- 
PPO-PEO), deionized water and absolute ethanol in a weight ratio of 1:1:1:2, 
Chapter 2 
20 
which was left in air for 24 hours at room temperature to concentrate the 
solution into paste. 
 
FTO glass plate was first cleaned by ultrasonic bath in 5% Decon 90 
solution, deionized water and ethanol sequentially. A compact NiO layer was 
synthesized onto that FTO glass by spray pyrolysis at 450 C for 40 min.111 
The precursor is 0.02 M Ni(acac)2 acetonitrile solution, which was sprayed 
repeatedly for 1 second with a 4 second pause. The spay direction was 
reversed every 10 min in order to obtain a more uniform block layer. 
Thereafter, the as-prepared paste was screen-printed onto the glass and heated 
at 170 °C for 5 min and at 450 °C for 30 min. 
 
2.2 Semiconductor sensitization of electrode 
2.2.1 Successive ionic layer adsorption and reaction 
Successive ionic layer adsorption and reaction (SILAR) is a convenient 
and effective method to deposit various materials, including sulfide, selenide, 
and telluride. The requirements for SILAR mainly lie in two points: soluble 
anion and cation precursor; insoluble final product. As the material is 
deposited in a liquid-based condition, product can be feasibly controlled by 
modifying parameters of solution, such as solvent, precursor, temperature, 
concentration, cycle number, and so on. 
 
Generally, four types of solution are involved in a SILAR deposition, as 
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shown in Figure 2.1, cation precursor, cation rinsing solvent, anion precursor, 
and anion rinsing solvent. At beginning, the metal oxide electrode is dipped 
into the first beaker to adsorb cation forming an electrical double layer and a 
diffusion layer. Since the interaction between substrate and ion in the diffusion 
layer is much weaker, that layer can be easily removed by a rinsing process in 
the second beaker. Thereafter, the electrodes are dried with a gentle flow of 
nitrogen gas before immersing into the anion precursor solution, where they 
react with adsorbed cation generating the desired material. Finally, the 
redundant ions are washed away from the diffusion layer remaining sensitizers 
on the metal oxide electrodes. That completes one SILAR cycles and this 




Figure 2.1 A schematic procedure of SILAR deposition method: (1) 
adsortption of the cation, (3) reaction with the anion, (2) and (4) rinsing to 




The amount of SILAR product that is coated onto the electrode substrate 
is dominantly controlled by the cycle number of deposition. Typically, the first 
cycle mainly contributes to the nucleation process, while the subsequent 
cycles play the roles in the growth of semiconductors. Due to the quantum 
confine effect, the larger size semiconductor sensitizer displays a narrow 
bandgap. Therefore, the color of sensitizer becomes darker with increasing the 
SILAR cycles. 
 
2.2.2 CdS-sensitized photoelectrode 
Cadmium sulfide was deposited onto the photoelectrode by the above 
SILAR method. Generally, the electrodes were first dipped into a cation 
precursor solution containing 0.02 M cadmium nitrate (Cd(NO3)2·4H2O, 
Sigma-Aldrich, > 99.0%) in methanol for 1 min, rinsed with methanol for 1 
min, and dried for 1 min with a gentle flow of nitrogen gas. Then the 
electrodes were immersed into an anion precursor solution containing 0.02 M 
sodium sulfide (Na2S·9H2O, Sigma-Aldrich, > 98%) dissolved in a mixture of 
methanol and deionized water (1:1, V/V) for 1 min, rinsed with methanol for 1 
min, and dried for 1 min with nitrogen gas. This completed one cycle. The 
SILAR procedure was then repeated for several times in order to obtain 




2.2.3 CdSe-sensitized photoelectrode 
Cadmium selenide were deposited onto the photoelectrode by the same 
SILAR method. Typically, the electrodes were first immersed into a cation 
precursor solution for 30 s, which consists of 0.03 M cadmium nitrate 
(Cd(NO3)2·4H2O, Fluka, > 99.0%) dissolved in the absolute ethanol, then 
rinsed with absolute ethanol for 2 min, and dried for another 2 min. Thereafter, 
the electrodes were dipped into an anion precursor solution for 30 s, rinsed 
with absolute ethanol for 2 min, and dried for 2 min. This completed one cycle. 
The procedure was repeated for several times so as to obtain a desirable size of 
CdSe. The anion Se
2
 precursor was prepared according to the approach in 
literature,
26
 where selenium dioxide (SeO2, Sigma-Aldrich, 99.9%) reacted 
with sodium borohydride (NaBH4, Sigma Aldrich, 98%) in absolute ethanol. 





+ 2B(OC2H5)3 + 2H2O + 5H2. All the SILAR deposition processes for CdSe 
were carried out in an argon-filled glove box, as the Se
2
 is extremely sensitive 
to oxygen. 
 
2.2.4 ZnS passivation layer 
After the deposition of semiconductors onto the metal oxide electrode, 
some of the electrodes were further coated with a ZnS passivation layer by 
two SILAR cycles. That was achieved by dipping the electrodes into 0.10 M 
zinc acetate (Zn(CH3COO)2·2H2O, Sigma Aldrich, > 99.5%) aqueous solution 
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for 1 min, rising with deionized water for 1 min, immersing into 0.10 M 
sodium sulfide (Na2S·9H2O, Sigma Aldrich, >98%) aqueous solution for 1 
min, and then rinsing with deionized water. 
 
2.3 Electrolyte 
2.3.1 Polysulfide electrolyte 
The polysulfide electrolyte consists of 1.0 M S, 1.0 M Na2S9H2O, and 
0.10 M NaOH in aqueous solution. The redox potential of polysulfide 
electrolyte is 0.67 V vs. Ag/AgCl.98 
 
2.3.2 Cobalt bipyridyl complex 
The cobalt bipyridyl complex consists of 0.20 M [Co(bpy)3]
2+
, 0.02 M 
[Co(bpy)3]
3+
, 0.02-0.5 M LiClO4, and 0.5 M 4-tert-butylpyridine in 





sulfonyl)imide) . The redlox potential of [Co(bpy)3]
2+/3+
 is 0 V vs. Ag/AgNO3 




2.3.3 Electrolyte for water splitting 
The electrolyte in photoelectrochemical cells for the overall water 
splitting consists of 0.10 M Na2SO4 (Sigma-Aldrich, ACS reagent, ≥99.0%, 
anhydrous) aqueous electrolyte, whose pH is 5.8, measured by a Hanna 
instruments pH meter. Generally, the 0.10 M Na2SO4 should have a pH of 7.0. 
After checking the reagent information from Sigma-Aldrich, The cation traces 
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 are likely to be the reason for the little bit 
lower pH, since the pH of CaSO4, FeSO4, Fe2(SO4)3, MgSO4 all below 7. For 













pH would be 5.49. Therefore, it is possible for a pH of 5.8. 
 
2.4 Counter electrode 
2.4.1 Platinized FTO counter electrode 
One small hole was drilled first into FTO conductive glass for injecting 
electrolyte into SSCs. Then the glass was spread with platinum precursor (2 
times × 10 μl, 25 mM hexachloroplatinic dissolved in absolute ethanol). After 
the solvent was evaporated, the platinized FTO counter electrode was obtained 
by heating to 400 °C for 15 minutes. 
 
2.4.2 Cuprous sulfide counter electrode 
Indium tin oxide (ITO) paste was prepared similar to the TiO2 paste, 
following the reported approach from literature.
112
 The precursor is the ITO 
nanoparticles (particle size <100 nm, 30 wt. % in isopropanol, Sigma Aldrich). 
Thereafter, the same procedure was applied to screen-print and treat the 
as-prepared ITO paste on FTO glass at 125 °C for 5 min, 325 °C for 5 min, 
375 °C for 5 min, 450 °C for 15 min and finally 500 °C for 15 min. The 




Zinc sulfide was subsequently coated onto the ITO electrodes using the 
previous SILAR method for 5 ~ 10 cycles. The electrodes were then immersed 
into a saturated copper monochloride (Cu
I
Cl, Sigma Aldrich, > 99%) 
acetonitrile solution for the ion exchange reaction, followed by rinsing with 
acetonitrile to remove the excessive ions. The ion exchange process was 




2.5 Fabrication of photoelectrochemical cells 
SSCs were assembled by separating the particular counter electrode and 
the sensitized metal oxide film with a hot-melt spacer (25 μm thick, Surlyn, 
DuPont). The device was then heated at 110 C for 1 min, so that the spacer 
will slightly melt and seal the SSCs when it cooled down. Thereafter the 
electrolyte was injected through a small hole drilled previously at the counter 
electrode side under a partial vacuum. Finally, that hole was sealed with a 
small piece of hot-melt polymer and a cover glass with a soldering iron. 
 
In the photoelectrochemical device for water splitting, the sensitized 
photoanode, platinum wire, and Ag/AgCl/KClsat were immersed into 0.10 M 
Na2SO4 aqueous electrolyte (pH = 5.8) as the working, counter, and reference 




2.6 Material characterization methods 
2.6.1 Surface profile 
The thickness of photoelectrode is a significant parameter for 
semiconductor-sensitized photoelectrochemical cells, which affects light 
harvesting, mass transport, pore filling, and so on. 
 
In terms of light harvesting, a thicker mesoporous film is able to load 
more sensitizers and thus absorb more photons, while the regeneration 
efficiency, on the other hand, decreases due to the increasing difficulty for 
reduced species in electrolyte to diffuse into the mesoporous film and remove 
the photo-generated holes from the valence band of semiconductor sensitizers. 
In addition, the recombination process may also become faster for enlarged 
surface area. 
 
In the solid-state SSCs, the thickness of metal oxide film is critical for the 
penetration of hole-transporting material (HTM). For adequately filling of 
HTM into the pores, thickness of the mesoporous film in solid-state SSCs is 
generally less than 2 μm.  
 
In this thesis, the film thickness was determined by an Alpha-Step IQ 
surface profiler (KLA-Tencor). 
 
2.6.2 Ultraviolet-visible spectroscopy 
Ultraviolet-visible (UV-Vis) spectroscopy is a direct measurement to 
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display the optical property of the sensitizer. The spectrum onset point 
(determined by a Tauc plot) for semiconductor and peak position for organic 
molecules are generally utilized to determine the optical bandgap of a material, 
based on the following eq. 2.1: 
g photon
c
E E h h

              (2.1) 
where Eg is the bandgap energy of the material, Ephoton is the energy of the 
incident photo, h is the planks constant, c is the speed of light, ν and λ are the 
frequency and wavelength of light. 
 
The absorption spectra in this study were measured by a UV-Vis-NIR 
spectrophotometer (Shimadzu, Solidspec-3700). 
 
2.6.3 Electron microscope 
Electron microscope, including both scanning electron microscope (SEM) 
and transmission electron microscope (TEM), utilizes electron beam as the 
probe. Considering the high energy of the incident electron, the wavelength of 
the beam is so short (eq. 2.1) that the resolution could be much higher than the 
traditional optical microscope. 
 
The signal of SEM is mainly collected from backscattered electrons or 
secondary electrons, which are emitted by the detected material after 
excitation with the incident electron beam. Hence, the sample should be 
conductive to transfer the electrons for detection. For TEM, the sample is 
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required to be extremely thin so that the signal could be directly monitored 
from the electrons after transmitting and interacting with the ultra-thin 
specimen. Considering the fact that the energy distribution of the emitted 
electrons from the sample are highly dependent on the type of activated atoms, 
elemental analysis of a material could be obtained by the energy-dispersive 
X-ray spectroscopy (EDX). 
 
The special advantage of SEM is that the depth of field is much higher so 
that it is able to provide a better three-dimensional image. For TEM, it shows 
not only excellent distinguishability even to the observation of atom array, but 
also the ability to obtain electron diffraction to determine the phase of 
corresponding material in a nanometer scale area. Generally, SEM is good at 
revealing the complex morphology of a nanostructured sample while TEM can 
provide crystallographic information to further confirm what material the 
sample is. 
 
The TEM and SEM images presented in this work were measured with a 
field-emission TEM (FETEM, JEOL-JEM 2010F) and a field-emission SEM 
(FESEM, ZEISS, SUPRA 40) equipped with an energy-dispersive X-ray 
spectroscopy elemental analysis system. 
 
2.6.4 X-ray diffraction 
X-ray diffraction (XRD) is another powerful technique for material 
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science, especially for crystalline samples. The theory of X-ray diffraction is 
based on Bragg's law (eq. 2.2): 
2d·sinθ = nλ              (2.2) 
where d is the spacing of diffracting planes, θ is the angle of incident beam, n 
is any integer, and λ is the wavelength of the X-ray. 
 
Therefore, there is a direct relationship between the spacing of diffracting 
planes and the incident beam angle, which is revealed in a XRD pattern. 
Generally, by comparing the measured XRD patterns with the database or 
literature, researchers could readily get an idea about what phase and structure 
the materials are. 
 
The XRD pattern in the following chapters was obtained by powder X-ray 
diffraction using Bruker D8 with Cu K1 radiation (λ = 0.154059 nm). 
 
2.6.5 X-ray photoelectron spectroscopy 
X-ray photoelectron spectroscopy (XPS) is a characterization technique to 
detect elemental composition, chemical and electronic states of a material, 
which is surface-sensitive and quantitative. 
 
It collects and analyses the number and energy of emitted photoelectrons 
from the material surface after irradiating with an X-ray beam. Similar to SEM 
and TEM, a high vacuum is required due to the short free path length of the 
photoelectrons. With extensive ion etching to expose deeper parts of the 
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material, it is also capable to obtain a depth-profiling XPS. 
 
The XPS spectra in this thesis were collected by an X-ray photoelectron 
spectrophotometer (Axis Ultra DLD) equipped with an Al Kα X-ray source 
(1486.69 eV). All the spectra were referenced to the binding energy of C 1s 
peak (285.0 eV) arising from adventitious carbon. 
 
2.6.6 Differential scanning calorimetry and 
thermogravimetric analysis 
Differential scanning calorimetry (DSC) is a technique to characterize the 
thermal property of a material. It records the required heat difference between 
the sample and the reference as a function of temperature. The heat capacity of 
the reference, usually an empty aluminum sample holder, is already known in 
the scan range; hence the thermal property of the sample is able to be 
calculated. This technique is most widely utilized for polymers to detect their 
melting temperature (Tm) or glass transition temperature (Tg). 
 
Thermogravimetric analysis (TGA) is a technique for thermal stability 
analysis. It measures the weight percentage change as a function of 
temperature to detect material transition processes, such as vaporization, 
dehydration, sublimation, decomposition, adsorption, and desorption. This 





Thermal property test of a polymer in Chapter 6 was carried out with a 
differential scanning calorimetry (TA Instruments 2920 DSC) and 
thermogravimetric analysis (Dupont Thermogravimetric Analyzer 2950). 
 
2.6.7 Cyclic voltammetry 
Cyclic voltammetry (CV) is one of the most useful electrochemical 
techniques, where the current density at the working electrode (WE) is plotted 
versus the applied potential. Typically, the scan direction reverses once the 
voltage reaches the set value, which is unlike the linear sweep voltammetry. 
The CV test may be repeated several cycles to detect the electrochemical 
reversibility of a material. The CV measurement in this thesis is mainly 
applied to determine the redox potential of a particular molecule. 
 
Three-electrode setup was generally used in this study. The working 
electrode was either photoelectrode or a platinum disk; the reference electrode 
(RE) was Ag/AgNO3; and the counter electrode (CE) was a platinum wire. 
The solution used for the Ag/AgNO3 reference electrode was 0.01 M AgNO3 
and 0.10 M tetrabutylammonium perchlorate in acetonitrile. The scan rate was 
usually 0.10 V s
1
. All the CVs were carried out and recorded by Autolab 




2.7 Characterization for photoelectrochemical cells 
2.7.1 Photocurrent-voltage characteristics 
The behavior of SSCs can be described as a current source paralleled with 
a rectifying diode, which is represented by the Shockley equation (eq. 2.3): 




SCj V j j e  
           (2.3) 
where j0 is the reverse saturation current density, jSC is the short circuit current 
density, V is the photovoltage, kB is Boltzmann’s constant, q is the elementary 
electron charge, T is the absolute temperature, m is the diode ideality factor, 1 
< m < 2. The current-voltage characteristic of a photovoltaic device under 
illumination is mainly used to determine VOC, jSC, fill factor (FF), and power 
conversion efficiency (PCE). 
 
Technically, the VOC is the maximum voltage obtained from the solar cells, 
which occurs at zero current. In theory, the VOC is the value between the quasi 
Fermi level of photoelectrode and redox potential of electrolyte. Similarly, the 
jSC is the maximum current density obtained from the photovoltaic device, 
which occurs at zero voltage. The output power P = IV and P reaches a 
maximum at jm, Vm , which is labeled as Pm. The fill factor (FF) is a computed 
value, ranging from 0 to 1, defined as: 
m m m
sc oc sc oc
P J V
FF
J V J V
              (2.4) 
The most important parameter, power conversion efficiency (PCE), is 
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calculated by the following equation (eq. 2.5): 
m m m sc oc
in in in
P J V J V FF
PCE
P P P
            (2.5) 
where Pin is the incident sunlight power density. Figure 2.2 shows a typical j-V 
curve of a solar cell based on the Shockley equation (m = 1), and displays how 
to determine the value of each parameter from the j-V curve. 
 
In our lab, photocurrent-voltage characteristics were measured with a 
Keithley Source Meter controlled by PVIV software package (Newport) under 
AM 1.5G illumination which was simulated by a 450 W Newport class A solar 
simulator and calibrated with a silicon reference cell before measuring. 
 
 
Figure 2.2 A typical j-V curve of a SSC based on Shockley equation (m=1), 
with jSC, VOC, jm, Vm, and maximum power point (MPP) highlighted. 
 
2.7.2 Incident photon-to-current conversion efficiency 
Incident photon-to-current conversion efficiency (IPCE) is another useful 
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characteristic for solar cells, which is used to determine the spectral response 
of a photovoltaic device. 
 
It is defined as the ratio of photo-generated charges and incident photons 










             (2.6) 
where q is the elementary electron charge, I0 is the incident photon flux, j is 
the current density. 
 
IPCE is determined by several factors, especially the light harvesting 
efficiency, charge separation efficiency, and charge collection efficiency, 
which is revealed by eq. 2.7: 
IPCE(λ) = ηlh(λ)·ηsep(λ)·ηcoll(λ)         (2.7) 
where ηlh is the light-harvesting efficiency, ηcoll is the charge collection 
efficiency, and ηsep is the charge separation efficiency determined by the 





IPCE is not independent with previous j-V characterization. In theory, the 
jSC is the integration of photon flux with IPCE over different wavelength, as 
exhibited in eq. 2.8: 
jSC =∫ q φph,AM1.5G(λ) IPCE(λ)dλ         (2.8) 
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where q is the elementary electron charge and φph,AM1.5G is the incident photon 
flux from the solar radiation spectrum of AM 1.5G (Figure 2.3). The jSC 
calculated by eq. 2.8 might be slightly different from the one by j-V 
characterization, because the IPCE is usually measured under a much weaker 
light intensity with a monochromatic beam. That difference would be obvious 
for solar cells that are not optimized. 
 
 
Figure 2.3 Solar radiation spectrum of AM 0 and AM 1.5.  
 
In our lab, IPCE spectrum was measured with a spectral resolution of ~5 
nm using a 300 W Xenon lamp and a monochromator (Newport/Oriel). The 
incident photon flux was determined by a calibrated silicon photodiode 
(Newport/Oriel). Current under different wavelength was then measured with 
control of monochromator and TRACQ Basic software (Newport). Finally, 
IPCE was calculated by (Icell/Iref)×QE, where Icell and Iref were the measured 
current of cell and reference photodiode, respectively, and QE is the quantum 
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efficiency of the reference photodiode. 
 
2.7.3 Electrochemical impedance spectroscopy 
Electrochemical impedance spectroscopy (EIS) is a powerful tool for 
investigating many electrical properties of SSCs, such as charge transfer 
resistance (Rct), charge transport resistance (Rt), electron lifetime, and 
chemical capacitance of the mesoporous film (Cμ). 
 
In this thesis, the EIS spectra were measured with an Autolab 
potentiostat/galvanostat (PGSTAT 302N/FRA2, Ecochemie) and the Nova 1.8 
software package. The experiment was performed in dark condition while the 
SSC was biased at different external voltage. The range of voltage depended 
on the VOC, generally VOC ± 0.10 V. The frequency range of the 
electrochemical impedance measurement was 10
5 
- 0.1 Hz with a perturbation 
of 12 mV RMS. The spectra were finally fitted by the ZView software based 
on a particular equivalent circuit referred to the literature. 
 
Figure 2.4 reveals a typical electrochemical impedance spectroscopy of 
semiconductor-sensitized solar cells. At each bias, a curve as shown in Figure 
2.4 (a) would be recorded, which could be fitted by the equivalent circuit 
shown in the inset in order to get a value of Cμ or Rct in (b). Generally, Rct is 
plotted versus voltage if the VOC values of the photovoltaics are very close. 
Otherwise, Rct versus Cμ would be better, since it excludes the effect of 
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conduction band shift. Based on the changes of Cμ and Rct shown in Figure 2.4 
(b), information about the shift of TiO2 conduction band position and the 
changes of charge transfer resistance could be obtained, which is very useful 




Figure 2.4 (a) A typical electrochemical impedance spectrum for the 
semiconductor-sensitized solar cells. The inset shows the equivalent circuit, 
where Rs is the series resistance, Zd is the warburg impedance, RPt is the 
charge transfer resistance at the platinized FTO counter electrode, and CPE is 
the constant phase elements. (b) The TiO2 chemical capacitance and interfacial 
charge transfer resistance obtained by fitting the electrochemical impedance 
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spectra under different voltage. 
 
2.7.4 Characterization for water splitting 
Photoelectrochemical (PEC) characterization was measured in 0.10 M 
Na2SO4 aqueous electrolyte, whose pH was 5.8 measured by a Hanna 
instruments pH meter. The CdS-sensitized photoanode was used as the 
working electrode. The Ag/AgCl/KClsat was the reference electrode, and Pt 
was the counter electrode. The PEC parameters were determined by Autolab 
PGSTAT101 potentiostat at a scan rate of 0.05 V s
1
, while the light source 
was Oriel solar simulator using a 150 W xenon arc lamp fitted with an AM 




Photocatalytic water splitting measurement was characterized in a closed 
recirculating glass reactor filled with argon gas. The light source, electrodes 
and electrolyte were the same as PEC measurement, while the electrodes were 
connected to DY2100 series potentiostat in order to apply a voltage of 0.6 V 
across the WE and RE. The light intensity is 50 mW cm
2
. The evolved gases 
was collected and analyzed by a gas chromatography (Shimadzu, GC-2014 
with TCD detector and MS-5A column, argon carrier). 
 
2.7.5 Photostability 
This measurement is required to characterize the long term effects of the 
light illumination on the stability of the semiconductor-sensitized 
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photoelectrochemical devices. There are mainly two ways to carry out this 
experiment. One is under continuous or chopped light soaking for a particular 
time, recording either current density or voltage trace. Another is to keep the 
cells at 80 C and retest the performance every day, but this method is more 
time-consuming.  
 
In this thesis, photostability test was carried out under AM 1.5G 
illumination at 100 mW cm
2
 for several minutes with photocurrent recorded 
every 0.5 s. 
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Chapter 3 Interfacial Engineering for SSCs: 
from Inert Material to Relay Molecule 
 
3.1 Introduction 
Semiconductor-sensitized solar cells (SSCs) have drawn great attention 
recently because of their high potential for the next generation photovoltaic 
devices especially the ones with excellent solar energy conversion 
property.
13-16
 Different from their dye-sensitized counterpart,
9-12
 these narrow 
bandgap semiconductors shows lots of advantages for light absorption and 
conversion, including tunable light absorption, high extinction coefficient,
19
 




However, one critical issue for semiconductor-sensitized solar cells is that 
the photostability is poor particularly in liquid junction devices, leading to 
dissolution of sensitizer in electrolyte.
42, 76
 Therefore, a polysulfide electrolyte 
is usually employed as a result of its compatibility with sulfide and 
selenide-based sensitizers.
44, 73
 In addition, polysulfide exhibits excellent hole 
extraction ability from the valence band of semiconductor sensitizes, which 
further stabilizes them.
114
 While the efficiency of SSC has achieved to be 
above 6%,
27, 29, 39, 97
 it is still far more behind its DSC and perovskite 
counterpart. 
 
The main problem for the low power conversion efficiency is the 
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relatively low VOC and FF in SSCs. The VOC is dominantly limited by the 
negative redox potential of the polysulfide electrolyte (0.67 V vs. 
Ag/AgCl),
98
 while fill factor (FF) is largely affected by the sluggish reaction 
rate between the polysulfide and the counter electrode. Therefore in order to 
further improve the SSC performance, a more positive and non-corrosive 
redox species with superior kinetics at counter electrode side should be 
employed to replace the traditional polysulfide electrolyte, so that both VOC 
and fill factor would be enhanced. 
 
Of various electrolytes investigated by now, cobalt bipyridyl complexes 
([Co(bpy)3]
2+/3+
) seem to be a promising candidate. Firstly, the redox potential 
of cobalt bipyridyl complexes is 0 V vs. Ag/AgNO3, which is more positive 
than polysulfide.
99
 Furthermore, the well-known platinized FTO counter 
electrode shows fantastic catalysis property towards cobalt bipyridyl 
complexes resulting in very high fill factor. Actually, the cobalt 
complex-based electrolyte has been applied to DSCs
10, 100
 and successfully 




Although some attempts have been reported to employ the cobalt 
complex-based electrolyte in SSCs, those semiconductor-sensitized solar cells 
unfortunately suffered from fast recombination and serious photocorrosion, 
leading to a rather poor efficiency and photostability.
102
 In this chapter, several 
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surface coating methods have been investigated in order to protect and 




3.2.1 Fabrication of SSCs 
The SSCs were fabricated following the method in Section 2.5. The CdS, 
CdSe sensitizer and ZnS passive layer were deposited by SILAR method as 
described in Section 2.2. The electrolyte used in this work involved both 
polysulfide (Section 2.3.1) and cobalt bipyridyl complex (Section 2.3.2), along 
with Cu2S (Section 2.4.2) and platinized FTO counter electrodes (Section 
2.4.4), respectively. 
 
The Al2O3 was deposited following literature by immersing the sensitized 
photoanode into a 15 mM aluminum isopropoxide (Al[OCH(CH3)2]3, 
Sigma-Aldrich, >98%) isopropanol solution for 15 min and hydrolyze in air 
for 20 min.
77
 Similarly, amorphous TiO2 was also coated on the electrode by 
titanium isopropoxide (Ti[OCH(CH3)2]4, Sigma-Aldrich, >97%) followed by 
oxidation in air and mild heat treatment at 80 C to stabilize the TiO2 shell.
103
 
4-(diphenylamino)benzoic acid (DPABA) and stearic acid (SA) were adsorbed 
onto semiconductor sensitizers by immersing the as-prepared CdS-sensitized 
electrodes into 0.20 mM DPABA and 0.20 mM SA acetonitrile solution for 
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overnight, respectively. Then the electrodes were rinsed by acetonitrile to 
remove excessive molecules and dried with a gentle nitrogen flow. 
 
3.2.2 Characterizations 
The absorbance spectra of DPABA, TiO2, TiO2/CdS, and 
TiO2/CdS/DPABA, were measured as described in Section 2.6.2. The j-V 
characteristics, IPCE, and photostability were carried out as described in 
Sections 2.7.1, 2.7.2, and 2.7.5, respectively. 
 
3.3 Results and discussion 
3.3.1 ZnS passivation layer 
Zinc sulfide is a wide bandgap material with a transparent or opaque 
white color. There are generally two types of structure for this semiconductor, 
zincblende and wurtzite with a bandgap of 3.54 eV and 3.91 eV at 300 K, 
respectively. 
 
This material is commonly used to coat onto the narrow bandgap 
sensitizers with a SILAR method in SSCs as a passivation layer, in order to 
protect them from photocorrosion and decomposition in the aggressive 
electrolyte under illumination. In addition, it has been reported that the power 
conversion efficiency of semiconductor-sensitized solar cells increases with 
ZnS passivation layer, since the recombination between electron in the 







Figure 3.1 presents the photocurrent-voltage characteristics of 
CdS-sensitized TiO2 solar cells fabricated with and without ZnS. After 
deposition of the zinc sulfide passivation layer, the photovoltaic performance 
is obviously enhanced, reaching a VOC of 543 mV, jSC of 4.78 mA cm
2
, fill 
factor of 49.0%, and efficiency of 1.27%. Compared with the one without ZnS, 




Figure 3.1 Photovoltaic performance of CdS-sensitized TiO2 solar cells with 
and without ZnS passivation layer: (a) photocurrent-voltage characteristics and 
(b) IPCE spectra. The CdS is prepared by 5 SILAR cycles. The electrolyte is 
1.0 M sulfer, 1.0 M Na2S9H2O, and 0.10 M sodium hydroxide aqueous 
solution. The counter electrode is cuprous sulfide/ITO electrode. The active 
working area is 0.12 cm
2
 determined by a mask. 
 
Table 3.1 Photovoltaic characteristics of CdS-sensitized TiO2 solar cells 
with and without ZnS as passivation layer in polysulfide electrolyte under 
simulated AM 1.5G, 100 mW cm
2
 illumination. 
Sample VOC/mV jSC/mA cm
2
 FF/% PCE/% 
With ZnS 543 4.78 49.0 1.27 
Without ZnS 531 4.23 45.9 1.03 
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When used with the cobalt-based electrolyte, it shows the similar trend, as 
displayed in Figure 3.2. After coating with zinc sulfide passivation layer, an 
enhanced photovoltaic performance is achieved with a VOC of 591 mV, jSC of 
1.87 mA cm
2
, fill factor of 65.9%, and efficiency of 0.73%, as shown in 
Table 3.2. 
 
If compared with that in the polysulfide electrolyte (Figure 3.1), VOC is 
improved in the cobalt complex-based electrolyte regardless of ZnS 
passivation layer, although the photocurrent is significantly degraded. This is 
reasonable, since cobalt bipyridyl complex exhibits a more positive redox 
potential than the polysulfide electrolyte, which leads to a higher theoretical 
open circuit photovoltage. The IPCE is only around 40% at 400 nm, also much 
lower than that in polysulfide, where it is above 60%. The reason presumably 




Figure 3.2 Photovoltaic performance of CdS-sensitized TiO2 solar cells with 
Chapter 3 
47 
and without ZnS passivation layer: (a) photocurrent-voltage characteristics and 
(b) IPCE spectra. The CdS is prepared by 5 SILAR cycles. The electrolyte 
consists of 0.20 M [Co(bpy)3](PF6)2, 0.02 M [Co(bpy)3](PF6)3, 0.50 M LiClO4, 
and 0.50 M 4-tert-butylpyridine in acetonitrile solution. The counter electrode 
is platinized FTO conductive glass. The active working area is 0.12 cm
2
 
determined by a mask. 
 
Table 3.2 Photovoltaic characteristics of CdS-sensitized TiO2 solar cells 
with and without ZnS as passivation layer in cobalt bipyridyl complex 
electrolyte under simulated AM 1.5G, 100 mW cm
2
 illumination. 
Sample VOC/mV jSC/mA cm
2
 FF/% PCE/% 
With ZnS 591 1.87 65.9 0.73 
Without ZnS 554 1.78 60.5 0.60 
 
3.3.2 Metal oxide coating 
Large bandgap metal oxides, such as Al2O3 (7 - 9 eV), TiO2 (3.2 eV), and 
SiO2 (~9 eV), are popular materials to passivate the surface of semiconductor 
sensitizer in SSCs. Similar to zinc sulfide, there is also a high energy barrier 
for the charge recombination between the injected electrons in the TiO2 
conduction band and the oxidized species in the electrolyte, which is expected 
to lead to enhanced photovoltaic performance. 
 
Taking ZnS/SiO2 layer as an example,
97
 it was found that the presence of 
SiO2 effectively suppresses the surface recombination and improves the 
charge collection efficiency compared with that employing zinc sulfide alone. 
As a result, the device achieves a certified record power conversion efficiency 
of 8.21%, which is one of the most efficient SSCs to date. 
 
Attracted by the excellent performance in polysulfide-based SSCs, here 
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aluminum oxide and titanium dioxide have also been attempted to modify the 
semiconductor surface in the cobalt bipyridyl redox by chemically depositing 




Figure 3.3 and Table 3.3 show the photovoltaic performance of 
CdS-sensitized TiO2 solar cells in cobalt bipyridyl based electrolyte, when 
different metal oxide passivation layer was applied. Apparently, the metal 
oxides seem not to work so good as that in polysulfide electrolyte and the 
improvement of the solar performance is very limited after the treatment. I 
have not characterized the photoanodes further, but one probable reason is that 
the metal oxides might not be uniformly covered on the CdS surface to 
effectively reduce the recombination, especially for the semiconductors near 
the FTO glass due to the diffusion issue of the precursor. 
 
  
Figure 3.3 Photovoltaic performance of CdS-sensitized TiO2 solar cells with 
different metal oxide passivation layers: (a) photocurrent-voltage 
characteristics and (b) IPCE spectra. The CdS is prepared by 5 SILAR cycles. 
The electrolyte consists of 0.20 M [Co(bpy)3](PF6)2, 0.02 M [Co(bpy)3](PF6)3, 
0.50 M LiClO4, and 0.50 M 4-tert-butylpyridine in acetonitrile solution. The 
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counter electrode is platinized FTO conductive glass. The active working area 
is 0.12 cm
2
 determined by a mask. 
 
Table 3.3 Photovoltaic characteristics of CdS-sensitized TiO2 solar cells 
with different metal oxide passivation layers in cobalt bipyridyl complex 
electrolyte under simulated AM 1.5G, 100 mW cm
2
 illumination. 
Sample VOC/mV jSC/mA cm
2
 FF/% PCE/% 
CdS 554 1.78 60.5 0.60 
CdS/Al2O3 556 1.77 59.5 0.59 
CdS/TiO2 543 1.84 60.4 0.60 
 
3.3.3 Relay molecule 
Triphenylamine (TPA) derivatives have been comprehensively studied in 
DSCs as the donor moieties for D-pi-A organic dyes,
9
 especially for those 
solar cells with [Co(bpy)3]
2+/3+
 as the redox mediator. Such configuration 
exhibits excellent charge separation property, and meanwhile effectively 
reduces the recombination of the oxidized cobalt complexes in the electrolyte 
with the injected electrons in metal oxide. 
 
Inspired by this idea, one of its simplest derivatives, 
4-(diphenylamino)benzoic acid (DPABA), was synthesized as a relay 
molecule in this section. The molecular structure is shown in Figure 3.4. The 
carboxylic acid binding group is used for anchoring the molecular relay onto 
the surface of chalcogenide semiconductor sensitizer, which has been proved 
to be effective by several prior studies.
77, 107, 116-119
 It is believed that the 
DPABA will mostly locate on the surface of cadmium sulfide considering the 





 However, it is also inevitable for some of the DPABA molecules to 
anchor onto the exposed surface of titanium dioxide. 
 
This molecule is colorless with an absorption peak at 328 nm (Figure 3.4 
(a)), indicating that the energy difference between HOMO and LUMO is 3.78 
eV. Therefore, there would be no competing light absorption by DPABA and 
the visible light is absorbed by cadmium sulfide only. 
 
The redox potential of the molecular relay is determined by the 
characterization of the cyclic voltammetry method, as shown in Figure 3.4 (b), 
which is about 0.69 V vs. Ag/AgNO3, just between the valence band of 




Figure 3.4 (a) Ultraviolet-visible optical density spectrum of the DPABA 
dissolved in the acetonitrile; (b) cyclic voltammetry of DPABA anchored onto 
TiO2/CdS photoanode in 0.10 M LiClO4 acetonitrile solution. The reference 
electrode is Ag/AgNO3, while the counter electrode is a platinum wire. The 
solution used for the Ag/AgNO3 reference electrode was 0.01 M AgNO3 and 







As illustrated in Figure 3.5, the proposed charge separation, collection, 
injection and regeneration processes in the system of CdS/DPABA-sensitized 
solar cell are shown below: 





) + TiO2 → CdS (h
+
) + TiO2 (e

)      (3.2) 
CdS (h
+





 → DPABA + [Co(bpy)3]
3+
    (3.4) 
 
 
Figure 3.5 (a) The band diagram and the charge separation processes in the 
system of CdS/DPABA-sensitized TiO2 photoanode; (b) schematic illustrating 
of the mesoscopic sensitized TiO2 electrode grafted with DPABA molecular 
relay on the surface of CdS. 
 
Cadmium sulfide sensitizer absorbs photons upon illumination, so that 
electrons are excited to the conduction band leaving holes in the valance band 
(eq. 3.1). Those photo-generated electrons are injected into metal oxide (eq. 
3.2) and then diffuse through the TiO2 film until they are finally extracted to 
the external circuit. Meanwhile, because the energy level of the anchored 
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DPABA (LUMO 2.53 V vs. NHE, HOMO 1.25 V vs. NHE) is higher than 
the valence band edge of cadmium sulfide, DPABA will accept the 
photo-generated holes from CdS and is oxidized to DPABA
•+
 (eq. 3.3). The 
formed DPABA
•+
 is then regenerated by reduced species in the electrolyte 
which is [Co(bpy)3]
2+
, leading to an efficient charge separation process (eq. 
3.4). The oxidized product [Co(bpy)3]
3+
 then diffuse to the platinized FTO 
counter electrode due to the concentration gradient, where it receives an 
electron form the counter electrode to reduce back to the reduced state, 
finishing the photoelectrochemical cycle. 
 
Figure 3.6 (a) exhibits the photocurrent-voltage characteristics of the CdS 
and CdS/DPABA-sensitized TiO2 solar cells in the cobalt bipyridyl complex 
electrolyte. The photovoltaic performance of CdS-sensitized TiO2 solar cell is 
fairly mediocre with an open circuit photovoltage of 554 mV, dramatically 
lower than that of a conversional dye-sensitized solar cell employing the same 
cobalt complex-based electrolyte. However, once the surface of cadmium 
sulfide is modified with the DPABA molecule, the photovoltaic performance 
is significantly improved, achieving a VOC of 654 mV, jSC of 2.81 mA cm
2
, 
fill factor of 70.6% and power conversion efficiency of 1.30% under AM 1.5G, 
1 sun illumination condition (Table 3.4). Meanwhile, the IPCE value of the 
modified solar cell (Figure 3.6 (b)) reaches ~50% at 400 nm, almost doubled 




The photovoltaic performance of the semiconductor-sensitized solar cell 
with molecular relay is also much superior to that of DPABA-sensitized solar 
cells, which exhibits a VOC of 513 mV, jSC of 0.92 mA cm
2
, FF of 66.2% and 
power conversion efficiency of 0.31% (Figure 3.6 and Table 3.4). Based on 
the IPCE spectrum, the contribution of the photocurrent mostly comes from 
wavelength below 400 nm with a small tail extending to the visible region, 
which is due to the absorption of titanium dioxide. This indicates that this 
concept is totally different from the previous semiconductor/dye system 
reviewed in Chapter 1,
105, 107, 108
 since the role of DPABA here is a molecular 
relay instead of an organic dye. 
 
  
Figure 3.6 Photovoltaic performance of CdS (blue), DPABA (green), and 
CdS/DPABA (red) -sensitized TiO2 solar cells: (a) photocurrent-voltage 
characteristics under AM 1.5G, 100 mW cm
2
 illumination; (b) IPCE spectra. 
The CdS is prepared by 5 SILAR cycles. The electrolyte consists of 0.20 M 
[Co(bpy)3](PF6)2, 0.02 M [Co(bpy)3](PF6)3, 0.50 M LiClO4, and 0.50 M 
4-tert-butylpyridine in acetonitrile solution. The counter electrode is platinized 
FTO glass. The active working area is 0.12 cm
2
 determined by a mask. 
 
Table 3.4 Photovoltaic characteristics of CdS, DPABA, and CdS/DPABA- 
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sensitized TiO2 solar cells in cobalt bipyridyl complex electrolyte under 
simulated AM 1.5G, 100 mW cm
2
 illumination. 
Sample VOC/mV jSC/mA cm
2
 FF/% PCE/% 
CdS 554 1.78 60.5 0.60 
DPABA 513 0.92 66.2 0.31 
CdS/DPABA 654 2.81 70.6 1.30 
 
The underlying reasons for the dramatic enhancement of photovoltaic 
performance could be further understood by analyzing the elementary kinetic 
components which dictates the solar cell operations, as revealed by the 
external quantum efficiency which determined by charge collection efficiency 
(ηcol), light-harvesting efficiency (ηlh), sensitizer regeneration efficiency (ηreg), 




If comparing the optical density spectra of CdS and CdS/DPABA- 
sensitized TiO2 photoanodes in Figure 3.7, the absorption of DPABA in the 
visible light region is almost negligible, since the DPABA is colorless with an 
absorption onset of ~380 nm. Therefore, the contribution of the molecular 
relay to the total light harvesting would be negligible in the 
CdS/DPABA-sensitized TiO2 solar cells, especially in the visible region, and 
the ηinj would not be the main cause for the dramatic improvement of the IPCE. 
Thus, the enhancement must stem from better charge separation or/and 





Figure 3.7 UV-Vis optical density spectra of CdS and CdS/DPABA- 
sensitized TiO2 photoanodes. The CdS are prepared by different SILAR 
cycles. 
 
3.3.4 Optimization of SSCs grafted with DPABA 
Even though the improvement after surface engineering by DPABA is 
obvious, the performance of the semiconductor-sensitized solar cells is still 
not optimized. This is mainly due to the following three aspects. First of all, 
the cadmium sulfide sensitizer was just prepared by 5 SILAR cycles, which is 
not enough for light harvesting, leading to a relatively low photocurrent 
density. Secondly, the effect of additive concentration in electrolyte, like 
LiClO4, has not been well investigated. Based on the knowledge from DSCs, 
these parameters should also be taken into consideration for device 
optimization. Last and the most important, the structure of the molecular relay 
is actually not judiciously designed in order to further block the recombination 




In this section, the first two issues will be discussed in detail, while the 
optimization of the molecular structure will be comprehensively studied in the 
next chapter. 
 
3.3.4.1 Optimization of the semiconductor sensitizer 
As shown in Figure 3.7, the optical density of the electrode increases and 
shifts to the longer wavelength region with more SILAR deposition cycles of 
semiconductor sensitizers. In order to further discuss the significance of the 
light-harvesting efficiency, the simulated IPCE has been calculated based on 
the following equation: 
ηlh(λ) = (1  10
OD
)·TranFTO          (3.5) 
IPCE(λ) = ηlh(λ)·ηsep(λ)·ηcoll(λ)         (3.6) 
where OD is the optical density of photoanodes, TranFTO is the transmission of 
FTO glass. The ηsep(λ) and ηcoll(λ) are assumed to be 100%. The results are 
displayed in Figure 3.8. The simulated IPCE is only ~60% with an onset at 
~470 nm for 5CdS, while the value improves to ~80% with an onset at ~530 
nm for 12CdS. That theoretical trend is consistent with the experimental 





Figure 3.8 The simulated IPCE spectra based on the absorbance spectra. 
 
Figure 3.9 (a) shows the photovoltaic performance of CdS and 
CdS/DPABA-sensitized TiO2 solar cells with different SILAR cycles. 
Obviously, the 5CdS-sensitized solar cell performs worst due to the poorest 
light harvesting property, which is displayed in Figure 3.7. With more SILAR 
cycles, both VOC and jSC generally increase; however, too thick semiconductor 
sensitizer film exhibits adverse effect on the overall performance (Table 3.5). 
Hence, the best condition is 10CdS as sensitizer, which is fixed for the 
following studies. 
 
IPCE (Figure 3.9 (b)) shows a significant red shift from 5CdS to 12CdS, 
because of a narrower bandgap with the larger semiconductor size. The IPCE 
value is achieved to be 70% for the 10CdS/DPABA, which is very close to the 




One may notice that there is a decrease in j-V curve in the 12 CdS sample. 
Actually, this is a very common photostability problem in semiconductor- 
sensitized solar cells employed with cobalt bipyridyl complex electrolyte, 
which will be discussed in the Section 3.3.6. 
 
  
Figure 3.9 Photovoltaic performance of CdS and CdS/DPABA-sensitized 
TiO2 solar cells with different SILAR cycles: (a) photocurrent-voltage 
characteristics under AM 1.5G, 100 mW cm
2
 illumination; (b) IPCE spectra. 
The electrolyte consists of 0.20 M [Co(bpy)3](PF6)2, 0.02 M [Co(bpy)3](PF6)3, 
0.50 M LiClO4, and 0.50 M 4-tert-butylpyridine in acetonitrile solution. The 
counter electrode is platinized FTO conductive glass. The active working area 
is 0.12 cm
2
 determined by a mask. 
 
Table 3.5 Photovoltaic characteristics of CdS and CdS/DPABA-sensitized 
TiO2 solar cells with different SILAR cycles. The measurement is under 
simulated AM 1.5G, 100 mW cm
2
 illumination. 
Sample VOC/mV jSC/mA cm
2
 FF/% PCE/% 
5CdS 554 1.78 60.5 0.60  
5CdS/DPABA 654 2.81 70.6 1.30  
10CdS 571 2.92 62.0 1.03  
10CdS/DPABA 689 3.84 61.7 1.63  
12CdS 616 2.57 65.9 1.04  





3.3.4.2 Optimization of the Li
+
 concentration 
The effect of Li
+
 concentration in the electrolyte has already been well 
studied in the DSCs.
9, 120
 Generally, the specific adsorption of positively 
charged Li
+
 on TiO2 downward shifts the conduction band of the electrode, 
which improves the injection efficiency leading to a better current density at 
the price of certain photovoltage loss. 
 
The phenomenon occurs similarly in SSCs, as revealed in Figure 3.10. For 
the CdS/DPABA-sensitized solar cells, with increasing the concentration of 
Li
+
, the VOC decreases slightly from 713 to 695 mV, while jSC increases 
dramatically from 3.06 to 3.88 mA cm
2
, yielding a highest efficiency of 
1.53%, as summarized in Table 3.6. I also attempted to further increase the 
concentration of LiClO4 to 1.0 M, but there are some precipitates produced. 




Figure 3.10 Photovoltaic performance of CdS and CdS/DPABA-sensitized 
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TiO2 solar cells with different LiClO4 concentration in electrolyte: (a) 
photocurrent-voltage characteristics under AM 1.5G, 100 mW cm
2
 
illumination; (b) IPCE spectra. The CdS is prepared by 10 SILAR cycles. The 
electrolyte consists of 0.20 M [Co(bpy)3](PF6)2, 0.02 M [Co(bpy)3](PF6)3, 
LiClO4, and 0.50 M 4-tert-butylpyridine in acetonitrile solution. The counter 
electrode is platinized FTO conductive glass. The active working area is 0.12 
cm
2
 determined by a mask. 
 
Table 3.6 Photovoltaic characteristics of CdS and CdS/DPABA-sensitized 
TiO2 solar cells with different LiClO4 concentration in electrolyte. The 
measurement is under simulated AM 1.5G, 100 mW cm
2
 illumination. 
Sample [LiClO4]/M VOC/mV jSC/mA cm
2
 FF/% PCE/% 
CdS 0.02 577 1.89 59.0 0.64 
CdS 0.10 559 2.55 54.8 0.78 
CdS 0.50 535 2.50 55.3 0.74 
CdS/DPABA 0.02 713 3.06 57.3 1.25 
CdS/DPABA 0.10 711 3.44 60.2 1.47 
CdS/DPABA 0.50 695 3.88 56.9 1.53 
 
3.3.5 Inert coadsorbent 
Inspired by utilizing coadsorbents to enhance the photovoltaic 
performance in DSCs,
121-129
 one of the coadsorbents, stearic acid (SA, 
molecular structure is shown in Figure 3.11), is employed for the surface 
modification of cadmium sulfide. This molecule has a similar length to the 
DPABA relay molecule. In addition, it has the same carboxylic acid binding 
group that grafts onto both CdS and TiO2 surface. The only difference is that, 
this coadsorbent does not bear any redox activity. The photovoltaic 
performance of the solar cells is shown in Figure 3.11 and Table 3.7. 
 
The presence of the stearic acid molecule on the CdS-sensitized TiO2 
photoanode does not improve the photovoltaic performance of the devices. 
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Although the VOC is slightly enhanced probably due to better passivation effect, 
both the fill factor and the photocurrent density become deteriorated, resulting 
in lower power conversion efficiency. 
 
  
Figure 3.11 Photovoltaic performance of CdS (blue) and CdS/SA (red) 
-sensitized TiO2 solar cells: (a) photocurrent-voltage characteristics; (b) IPCE 
spectra. The inset shows the molecular structure of stearic acid. The CdS is 
prepared by 10 SILAR cycles. The TiO2 film has a scattering layer with a 
thickness about 2 μm. The electrolyte consists of 0.20 M [Co(bpy)3](PF6)2, 
0.02 M [Co(bpy)3](PF6)3, 0.50 M LiClO4, and 0.50 M 4-tert-butylpyridine in 
acetonitrile solution. The counter electrode is platinized FTO glass. The active 
working area is 0.12 cm
2
 determined by a mask. 
 
Table 3.7 Photovoltaic characteristics of CdS and CdS/SA-sensitized TiO2 




Sample VOC/mV jSC/mA cm
2
 FF/% PCE/% 
CdS 576 3.21 58.1 1.13 
CdS/SA 583 2.94 56.7 1.02 
 
One may argue that stearic acid might exhibit a poorer passivation effect 
than DPABA relay molecule. Yet it is noteworthy that a very similar molecule 
has already been applied as coadsorbent in the dye-sensitized solar cells, 









Hence compared with the DPABA molecular relay, stearic acid molecule 
seems just to be an insulating barrier layer and modestly suppress the charge 
recombination, which proves that the passivation is not an important factor, or 
at least not a dictating reason for the overall photovoltaic performance 
enhancement of the solar cells. Actually, as the photo-generated hole transfer 
mechanism between the CdS and the relay molecule is disclosed in Chapter 5, 
I believe that the main reason for the performance improvement is the relay 
effect of the redox molecule. 
 
3.3.6 Photostability comparison among different interfacial 
engineering 
Besides the relatively low photocurrent density, the long-term stability is 
also a serious problem for semiconductor-sensitized solar cells with cobalt 
bipyridyl complex redox electrolytes. That photostability issue was initially 
noticed as some devices obtained unreasonable poor jSC after scanned several 
times (Figure 3.12 (a) and Table 3.8) when measuring the j-V characteristics of 
SSCs. After finishing the j-V tests, the solar cell is manually broken with 
tweezers at 110C and cleaned with acetonitrile to remove residual electrolyte. 
It was found that the photoanode has been bleached. The optical density 





Figure 3.12 (a) Photocurrent-voltage characteristics of CdS-sensitized TiO2 
solar cells after three times scan (1st red, 2nd green, 3rd blue); (b) UV-Vis 
optical density spectra of sensitized photoanode before and after the j-V 
measurement. The CdS is prepared by 5 SILAR cycles. The electrolyte 
consists of 0.20 M [Co(bpy)3](PF6)2, 0.02 M [Co(bpy)3](PF6)3, 0.50 M LiClO4, 
and 0.50 M 4-tert-butylpyridine in acetonitrile solution. The counter electrode 
is platinized FTO glass. The active working area is 0.12 cm
2
 determined by a 
mask.  
 
Table 3.8 Photovoltaic characteristics of CdS-sensitized TiO2 solar cells 
after three times scan in cobalt bipyridyl complex electrolyte under simulated 
AM 1.5G, 100 mW cm
2
 illumination. 
Sample VOC/mV jSC/mA cm
2
 FF/% PCE/% 
1st 554 1.78 60.5 0.60  
2nd 552 1.67 61.5 0.57  
3rd 544 0.16 76.4 0.07  
 
The probable mechanism for the photocorrosion process of semiconductor 
sensitizer is described below: 





) + TiO2 → CdS (h
+
) + TiO2 (e

)      (3.2) 
2CdS (h
+
) → CdS + Cd2+ + S          (3.7) 
 
In polysulfide electrolyte, on one hand the holes left on semiconductor 
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sensitizers could be instantaneously intercepted by S
2
 in the electrolyte.
114
 On 
the other hand, the photo-corroded CdS could be timely healed in the presence 
of S
2
 regenerating CdS. Therefore, the photocorrosion can be well suppressed. 
However, in [Co(bpy)3]
2+/3+
 redox mediator, the Cd
2+
 dissolves into electrolyte 
and the sulfur is left on the surface of electrode, which finally bleaches the 
sensitized photoanode. 
 
One of the motivations for the surface modification of the semiconductor 
sensitizer is to improve the device photostability. In Figure 3.13, I compared 
the photocurrent changes of SSCs after employing the above interfacial 
engineering methods. All the solar cells worked in short circuit condition. 
After the shutter was switched on at 10 s, all the devices immediately 
generated a normalized photocurrent close to unit. However, this quickly 
dropped to only ~1% for CdS, CdS/ZnS, CdS/TiO2, CdS/Al2O3, and 
CdS/SA-sensitized solar cells. The only exception was the device with the 





Figure 3.13 Short circuit photocurrent transient of CdS, CdS/ZnS, CdS/TiO2, 
CdS/Al2O3, CdS/SA, and CdS/DPABA-sensitized solar cells under AM 1.5G 
illumination at 100 mW cm
2
. The CdS is prepared by 10 SILAR cycles. The 
electrolyte consists of 0.20 M [Co(bpy)3](PF6)2, 0.02 M [Co(bpy)3](PF6)3, 0.50 
M LiClO4, and 0.50 M 4-tert-butylpyridine in acetonitrile solution. The 
counter electrode is a pieces of platinized FTO conductive glass. The active 
working area is 0.12 cm
2
 determined by a mask. 
 
The probable explanation for that considerable enhancement of the 
photostability is that the photo-generated holes are rapidly removed from the 
valence band of the CdS sensitizers and thus the photocorrosion process of the 
material would be alleviated, as shown below: 





) + TiO2 → CdS (h
+
) + TiO2 (e

)      (3.2) 
CdS (h
+





 → DPABA + [Co(bpy)3]
3+
    (3.4) 
 
Generally, electron injection is much faster than the hole removal process, 
making the formation of CdS (h
+
). The left holes have high energy and are 
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extremely oxidative. If there were no effective interfacial engineering to 
intercept the holes, the following oxidation process would proceed: 
2CdS (h
+
) → CdS + Cd2+ + S          (3.7) 
Different from the approach in the polysulfide electrolyte where there is extra 
S

 to react with Cd
2+
 to regenerate CdS, the feasible way to improve the 
device photostability in cobalt complex redox mediator is to quickly remove 
the holes away from the semiconductor sensitizers. It is expected that the relay 
molecules play a role to temporally remove the photo-generated holes from 
CdS until they are further intercepted by the [Co(bpy)3]
2+
, as revealed in eq. 
3.3 and 3.4. However, although certain improvement has been achieved, the 
photostability issue still persists. The structure of triphenylamine-based relay 
molecule will be further modified in Chapter 4, in order to further optimize the 
photovoltaic performance and photostability. 
 
3.4 Summary 
From the above comprehensive discussion, it is clear to conclude that the 
interfacial engineering for semiconductor sensitizers is an effective approach 
to design high efficiency and stability semiconductor-sensitized 
photoelectrochemical cells. 
 
Among the several surface modification methods in this chapter, redox 
relay molecule displays a much superior performance to ZnS, metal oxides 
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and inert molecule, which only present limited or even no improvement. After 
optimization of the semiconductor sensitizer and the electrolyte condition, the 
CdS/DPABA-sensitized solar cells with cobalt complex redox mediator 
exhibit a VOC of 689 mV, jSC of 3.84 mA cm
2
, fill factor of 61.7%, and 
efficiency of 1.63%, which is even better than the polysulfide-based solar cells 
due to improved VOC and fill factor, as a result of the more positive redox 
potential of the cobalt bipyridyl complex electrolyte and the better catalytic 
property of platinized FTO counter electrode. 
 
While promising, some room remains to further enhance the photovoltaic 
performance of the semiconductor/relay-sensitized solar cells. For instance, 
the jSC is still lower than that obtained with polysulfide electrolyte. The IPCE 
of the cell is around 68% in a broad wavelength range, which is lower than the 
calculated IPCE value of ~80 %. In the next chapter, the influence of 
molecular structure on the relay effect will be discussed, where close-to-unit 
IPCE is attained resulting in unprecedented power conversion efficiency after 
optimization with a series of triphenylamine derivatives. 
 
68 
Chapter 4 Interfacial Engineering for 
Semiconductor-sensitized Solar Cells: Influence 
of Molecular Relay Structure 
 
4.1 Introduction 
Semiconductor-sensitized solar cells (SSCs) usually exhibit much lower 
VOC compared with their dye counterpart, because the redox potential of the 
polysulfide electrolyte is so negative (~0.67 V vs. Ag/AgCl)98 that it lowers 
the theoretically reachable VOC, which is determined by the difference between 
the TiO2 quasi-Fermi level and the electrolyte redox potential. 
 
This issue could be circumvented in theory by employing a redox 
mediator with a more positive redox potential. Among several common 
electrolytes studied so far in DSCs, the cobalt bipyridyl complex seems to be 
one of the most promising choices. Additionally, the counter electrode of the 
platinized FTO conductive glass could provide a much better fill factor which 
is usually less than 60% in the polysulfide-based solar cells. However, these 
semiconductor-sensitized solar cells usually suffer from poor photostability 




In Chapter 3, several interfacial engineering methods have been attempted 
in order to modify the surface of semiconductor sensitizer and to improve the 
performance of photoelectrochemical cells. Of the various approaches, the 
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triphenylamine (TPA)-based molecular relay presents a much superior 
enhancement than that of the inert material, like zinc sulfide, metal oxide and 
long chain carboxylic acid. This is because the relay molecule not only plays a 
role of passivation layer but also facilitates the charge separation process, 
while other interfacial engineering approaches just provide a passivation 
effect. 
 
After optimizing the thickness of CdS sensitizer and the concentration of 
LiClO4, both the VOC and fill factor have been significantly enhanced to higher 
values, being ~700 mV and ~60%, respectively. If considering the fact that 
these parameters in polysulfide electrolyte are generally ~500 mV and ~50%, 
the improvement is indeed significant. 
 
Moreover, the photostability is also considerably improved, even though it 
is still not perfectly solved. In order to further improve the performance of 
semiconductor/relay-sensitized photoelectrochemical cells, the investigation of 
optimized molecular relay structure will be carried out in this chapter, as 
inspired by the molecular engineering of TPA-based D-pi-A organic dyes for 
DSCs. 
 
TPA unit was first utilized to modify the molecular structure in ruthenium 
dyes, where slow charge recombination, long-lived charge separation and high 
overall efficiencies were observed.
130-135
 It was then introduced as the electron 
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donor part in D-pi-A organic dyes by Yanagida and co-workers, achieving 
PCEs of 3.3% and 5.3% with two simplest dye structures.
136
 Later great 
improvement has been obtained by adjusting the additional insulating 
methoxy
137
 or longer alkoxy chains
138-141
 in the TPA donor moiety in order to 
further reduce the recombination between injected electrons in TiO2 film and 
oxidized species in electrolyte. 
 
In this chapter, besides 4-(diphenylamino)benzoic acid (DPABA) studied 
in Chapter 3, three more triphenylamine derivatives have been synthesized, 
which are 4-(bis(4-(hexyloxy)phenyl)amino)benzoic acid (BHBA), 
4-(bis(4-(hexyloxy)phenyl)amino)benzenethiol (BHBT), and 4'-(bis(4- 
(hexyloxy)phenyl)amino)biphenyl-4-carboxylic acid (PAPC). The molecular 
structures are shown in Figure 4.1. Based on these four relay molecules, the 
influence of molecular structure will be discussed in detail and the conclusion 
would be a helpful guideline to the design of new generation of relay 






Figure 4.1 Molecular structures of four triphenylamine derivatives: DPABA, 
BHBA, BHBT, and PAPC. 
 
It is known that cadmium sulfide is not an ideal sensitizer because of the 
narrow light absorption spectrum. Semiconductor sensitizers with long 
wavelength light absorption, such as CdSe,
97, 142-145
 etc., should be employed. 
Since CdSe have a more negative valence band (VB) energy level compared 
with that in CdS, the driving force would decrease greatly for the hole 
transport from semiconductor VB to the molecular HOMO. Therefore, two 
new series of relay molecules with more negative potentials than 
triphenylamine derivatives are introduced, which are phenoxazine and 
ferrocene derivatives. Phenoxazine is also an important donor component in 
the D-pi-A organic dyes for DSCs similar to the triphenylamine,
146-148
 while 
ferrocene is generally utilized as a redox species.
149-151
 In this study, the 
simplest derivatives have been synthesized, which are 10-butyl-phenoxazine- 
2-carboxylic acid (BPCA) and ferrocenecarboxylic acid (FCA). The molecular 





Figure 4.2 Molecular structures of the phenoxazine and ferrocene 
derivatives: BPCA and FCA. 
 
4.2 Experimental 
4.2.1 Preparation of sensitized TiO2 photoanode 
CdS and CdSe sensitizers were deposited onto TiO2 by the SILAR method 
in the Section 2.2. The precursor for CdS and CdSe was mentioned in the 
Sections 2.2.2 and 2.2.3. 
 
4.2.2 Fabrication of SSCs 
The SSCs were fabricated following the procedure described in Section 
2.5. The electrolyte consists of 0.20 M [Co(bpy)3](PF6)2, 0.02 M 
[Co(bpy)3](PF6)3, 0.50 M LiClO4, and 0.50 M 4-tert-butylpyridine in 
acetonitrile solution, which has been optimized in Section 3.3.4. The counter 
electrode is platinized FTO conductive glass (Section 2.4.1).  
 
Molecular relay was adsorbed onto semiconductor sensitizers by 
immersing the semiconductor-sensitized photoelectrode into the solution 
containing 0.20 mM various relay molecule for overnight before rinsing in the 
same solvent to remove excessive molecules. The solvent of DPABA, BHBA, 
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PAPC, BPCA, and FCA solutions was acetonitrile (ACN), while for BHBT, 
the solvent was dichloromethane (DCM). 
 
4.2.3 Characterizations 
The absorbance spectra of DPABA, BHBA, PAPC, BPCA, and FCA were 
measured following the approach in Section 2.6.2. The j-V characteristics, 
IPCE, photostability, and electrochemical impedance spectroscopy were 
carried out as described in Sections 2.7.1, 2.7.2, 2.7.5, and 2.7.3, respectively. 
 
4.3 Results and discussion 
4.3.1 Effect of long alkoxy chains 
The relay molecule, DPABA, is a simple triphenylamine derivative that is 
designed just by connecting one carboxylic acid group on TPA. The 
carboxylic acid group is used for anchoring the electron donor onto the 
semiconductor sensitizer, which has been proved to be effective by several 
prior works.
116-119
 The photovoltaic perfromance has been confirmed to be 
improved after grafed DPABA onto the CdS-sensitized photoanode, which has 
been discussed in detail in Chapter 3. Considing the big gap between the 
experimenal IPCE and the theortical one, I belive that it could be further 
enhanced by modifying the structure of relay molecure. 
 
Inspired by the development of D-pi-A organic dyes,
138-141
 firstly, two 
long alkoxy chains were synthesized onto the DPABA, which is the BHBA. 
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The new molecule is also colorless with an absorption peak at 323 nm, which 
is shown in Figure 4.3 (a). That indicates that the energy difference between 
HOMO and LUMO is 3.84 eV, almost the same as DPABA (3.78 eV). The 
potential of BHBA, however, exhibits a negative shift, which is 0.43 V vs. 
Ag/AgNO3 (Figure 4.3 (b)). Fortunately, this potential still lies between the 
valence band of cadmium sulfide and the oxidation potential of the cobalt 
bipyridyl complex. Compared with DPABA whose potential is 0.69 V vs. 
Ag/AgNO3, it could offer a higher sensitizer regeneration driving force 
because of the more negative potential. 
 
  
Figure 4.3 (a) UV-Vis optical density spectrum of BHBA in acetonitrile; (b) 
cyclic voltammetry of BHBA anchored onto TiO2/CdS photoanode. The 
solution is 0.10 M LiClO4 dissovled in ACN. The reference electrode is 
Ag/AgNO3, while the counter electrode is a platinum wire. The solution used 
for the Ag/AgNO3 reference electrode was 0.01 M AgNO3 and 0.10 M 




Figure 4.4 (a) displays the photocurrent-voltage characteristics of the CdS, 





electrolyte. It is clearly shown that the performance of CdS/BHBA-sensitized 
solar cell surpasses the other devices, yielding a VOC of 760 mV, jSC of 4.64 
mA cm
2
, and power conversion efficiency of 2.07% under AM 1.5G, 100 
mW cm
2
 illumination, as summarized in Table 4.1. Meanwhile, the IPCE 
(Figure 4.4 (b)) of the CdS/BHBA-sensitized photovoltaic device is also the 




Figure 4.4 Photovoltaic performance of CdS, CdS/DPABA and 
CdS/BHBA-sensitized TiO2 solar cells: (a) photocurrent-voltage 
characteristics under AM 1.5G, 100 mW cm
2
 illumination; (b) IPCE spectra. 
The CdS is prepared by 10 SILAR cycles. The electrolyte consists of 0.20 M 
[Co(bpy)3](PF6)2, 0.02 M [Co(bpy)3](PF6)3, 0.50 M LiClO4, and 0.50 M 
4-tert-butylpyridine in acetonitrile solution. The counter electrode is platinized 
FTO glass. The active working area is 0.12 cm
2
 determined by a mask. 
 
Table 4.1 Photovoltaic characteristics of CdS, CdS/DPABA, CdS/BHBA, 
CdS/BHBT, and CdS/PAPC-sensitized TiO2 solar cells with cobalt bipyridyl 




Sample VOC/mV jSC/mA cm
2
 FF/% PCE/% 
CdS 571 2.92 62.0 1.03 
CdS/DPABA 689 3.84 61.7 1.63 
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CdS/BHBA 760 4.64 58.8 2.07 
CdS/BHBT 565 2.52 66.8 0.95 
CdS/PAPC 867 4.86 63.3 2.67 
 
That dramatic enhancement of photovoltaic performance is probably due 
to a faster regeneration and slower recombination process in the solar cells. 
With the two long alkoxy chains, the potential of BHBA is reduced from 0.69 
V to 0.43 V vs. Ag/AgNO3. It means that the regeneration driving force by the 
cobalt bipyridyl complex is increased by 0.26 V and thus facilitates hole 
scavenging. Moreover, the long alkoxy chains may act as a barrier for 
preventing cobalt bipyridyl complex getting close to the surface of TiO2/CdS, 
as a result the recombination process between the injected electrons and 
oxidized redox species would be suppressed, which is further confirmed by 
electrochemical impedance spectroscopic measurement.  
 
Electrochemical impedance spectroscopic measurement was conducted 
under dark condition for all the photoelectrochemical devices with and without 
molecular relay modification. The interfacial charge transfer resistance and 
chemical capacitance shown in Figure 4.5 were obtained by fitting the 
interfacial spectra as described in the Section 2.7.3. The changes of the 
chemical capacitance C reveal that the conduction band of TiO2 slightly 
shifts upwards around 100 mV after grafted either DPABA or BHBA, which 
is beneficial to enhancing VOC in the CdS/DPABA and CdS/BHBA-sensitized 
solar cells, as shown in Figure 4.4 and Table 4.1. The interfacial charge 
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transfer resistance Rct is plotted versus Cμ instead of voltage, since it excludes 
the effect of conduction band shift. The Rct increases considerably compared 
with the device without any modifications, leading to a much longer lifetime 





Figure 4.5 TiO2 chemical capacitance (a) and interfacial charge transfer 
resistance (b) on different voltage and capacitance for CdS (blue), 
CdS/DPABA (green) and CdS/BHBA (red) -sensitized solar cells. 
 
4.3.2 Effect of anchoring group 
Carboxylic acid group has been the most popular anchoring group for 
organic dyes, which is chemically adsorbed on the surface of nanocrystalline 
TiO2 in DSCs.
101, 140, 141, 152, 153
 While for chalcogenide based semiconductors, 
another functional group, thiol group, is more widely employed because of its 
strong affinity toward the surface of semiconductor.
105, 154, 155
 Therefore, it is 
interesting to study the effect of the binding group of relay molecule on charge 
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separation. In this section, BHBT was synthesized, which bears the same 
donor part as BHBA but with a thiol anchoring group. 
 
The new molecule is yellowish compared with BHBA, as the onset of the 
absorbance red shifted from 400 nm to 420 nm, although the peak position 
moves to a shorter wavelength of 303 nm, as shown in Figure 4.6 (a). 
Additionally, the redox potential of BHBT is very close to BHBA, 0.42 V vs. 
Ag/AgNO3, which is also located between VB of CdS and redox potential of 
[Co(bpy)3]
2+/3+
. This is not surprising, since both BHBA and BHBT share the 
same TPA donor part that determines the HOMO level of the molecule. 
 
  
Figure 4.6 (a) UV-Vis optical density spectrum of BHBT in acetonitrile; (b) 
cyclic voltammetry of BHBA anchored onto TiO2/CdS photoanode in 0.10 M 
LiClO4 acetonitrile solution. The reference electrode is Ag/AgNO3, while the 
counter electrode is a platinum wire. The solution used for the Ag/AgNO3 
reference electrode was 0.01 M AgNO3 and 0.10 M tetrabutylammonium 




Figure 4.7 (a) reveals the photocurrent-voltage characteristics of the CdS, 
CdS/BHBA and CdS/BHBT-sensitized solar cells employed with cobalt 
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bipyridyl complex electrolyte. Interestingly, the CdS/BHBT-sensitized solar 
cells exhibit inferior photovoltaic characteristics compared with CdS- 
sensitized solar cell in terms of VOC, jSC and PCE, which are in good contrast 
to the CdS/BHBA cells. Considering the fact that both BHBA and BHBT 
share the same donor part with similar molecular structure, it is surprising to 
observe that the performance of CdS/BHBT-sensitized solar cell is the worst 
with a efficiency of only 0.95% (Table 4.1) and the IPCE (Figure 4.7 (b)) just 
remains ~45% even worse than that without any modification. 
 
  
Figure 4.7 Photovoltaic performance of CdS, CdS/BHBA and CdS/BHBT- 
sensitized TiO2 solar cells: (a) photocurrent-voltage characteristics under AM 
1.5G, 100 mW cm
2
 illumination; (b) IPCE spectra. The CdS is prepared by 
10 SILAR cycles. The electrolyte consists of 0.20 M [Co(bpy)3](PF6)2, 0.02 M 
[Co(bpy)3](PF6)3, 0.50 M LiClO4, and 0.50 M 4-tert-butylpyridine in 
acetonitrile solution. The counter electrode is platinized FTO conductive glass. 
The active working area is 0.12 cm
2
 determined by a mask. 
 
One possible reason might come from the interactions between the 
molecule and the semiconductor sensitizer that the thiol group may suffer 
from an unexpected adsorption issue. Hence, adsorption isotherm of BHBA 
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and BHBT on TiO2/CdS was carried out following the previous research 
work,
156
 as shown in Figure 4.8.  
 
The concentration of the solution is determined by the intensity of peak 
absorption based on the calibration curve (Figure 4.8 (a)), with which the 
surface concentration is calculated by eq. 4.1. The experimental result is then 
further fitted by the Langmuir adsorption isotherm (eq. 4.2): 
1
r r
V c V k OD
f S f S
  








              (4.2) 
where Γ is the surface concentration, Γ0 is that at full monolayer coverage, Δc 
is the change of concentration, fr is the roughness factor, S is the apparent area 
of TiO2/CdS electrode, K is the adsorption constant, V is the volume of the 
molecular relay solution, ΔOD is the change of optical density, and k is the 
slop of the curve for concentration calibration in Figure 4.8 (a). All the fitted 
parameters are summarized in Table 4.2. 
 
The slope of the concentration calibration curve, kBHBA, is about 6 times 
lower than its counterpart kBHBT, indicating that the molar extinction 
coefficient enhances after replacing the carboxylic acid group with thiol group. 
The adsorption constant K of BHBT is determined to be slightly higher than 
that of BHBA, which is consistent with the previous studies that thiol group is 





 When it comes to the surface concentration at the full 
monolayer coverage, the Γ0,BHBA is a bit higher compared with Γ0,BHBT. This is 
reasonable because BHBT can only anchor onto CdS surface, while BHBA is 
also able to bind the uncovered TiO2 surface. 
 
  
Figure 4.8 (a) Curves for BHBA (red) and BHBT (blue) concentration 
calibration. The solvent for molecular relay is acetonitrile and 
dichloromethane, respectively. The detected absorption peaks are 323 nm for 
BHBA and 303 nm for BHBT. (b) Adsorption isotherm of BHBA (red) and 
BHAT (blue) on the mesoscopic TiO2/CdS film. The CdS is prepared by 10 
SILAR cycles. The thickness of the film is about 6 μm. The dots are the 
measured values, and the lines are the fitted ones with a liner or Langmuir 
equation. 
 









BHBA 13.0 1.59 94.0 
BHBT 74.8 1.38 115 
 
Based on the values of Γ0, each BHBA and BHBT molecule would 
occupy an average area with diameter 1.1 and 1.2 nm, respectively. The 
molecule could be assumed to be like a cylinder “standing” on the surface, 
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whose length is referred as the distance between the binding group and the end 
of the long chain. Obtained by the theoretical calculation with the package of 
Gaussian 09, The volumes and length of BHBA and BHBT molecule are 






, and 1.6 ~ 1.7 nm, respectively. 
Therefore, the diameter of the cylinder could be calculated to be ~0.8 nm. This 
value is a little bit smaller than the experimental values (1.1 and 1.2 nm), 
indicating the molecule is likely to “stand” on surface with a tilt angle, so that 
the project area is much larger. The very similar binding property suggests that 
the surface coverage is not the reason for the much worse performance in the 
CdS/BHBT-sensitized solar cells. 
 
In order to have a better understanding of the degraded cell performance 
with BHBT, electrochemical impedance spectroscopic measurement was 
conducted under dark condition. The values of Rct and C shown in Figure 4.9 
were obtained by fitting the electrochemical impedance spectra as described in 
the Section 2.7.3. The relatively higher C displays that the TiO2 CB shifts 
downwards after anchored BHBT. Meanwhile, the Rct reveals a considerable 





Figure 4.9 TiO2 chemical capacitance (a) and interfacial charge transfer 
resistance (b) on different voltage and capacitance for CdS (blue), CdS/BHBA 
(green) and CdS/BHBT (red) -sensitized solar cells. 
 
The lower conduction band position in CdS/BHBT-sensitized solar cells 
could be explained by the dipole moment of these two molecules. Based on 
the literature, a negative dipole moment (arrow points toward negative pole) 
would shift the conduction band upwards due to the electrical field. This leads 
to a decreased recombination, since the overlap of the oxidized species with 
TiO2 CB and gap states become smaller.
104
 The molecules with thiol group 
usually have more positive dipole moments compared with carboxylic acid 
group. For example, the dipole moments of 4-methoxy-benzenethiol and 
4-nitro-benzenethiol are 2.67 D and 4.76 D, respectively.43 However, if 
replaced the thiol group with carboxylic acid group, the dipole moments of 
4-methoxy-benzoic acid and 4-nitro-benzoic acid are 3.70 D and 3.53 D, 
respectively.
104
 Obtained by the theoretical calculation with the Gaussian 09 
package, the dipole moments of BHBT and BHBA are 2.79 D and 3.85 D, 
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which are identical with the above two literatures. Even though both of them 
are negative dipoles, BHBT could not upshift the conduction band of TiO2, 
because thiol group only anchors on the semiconductor surface proved in 
previous literature,
43
 while for BHBA, the carboxylic acid group allows it to 
anchor on both semiconductor and uncovered TiO2 surface. Therefore, the 
much lower conduction band position in CdS/BHBT-sensitized solar cells is 
probably the reason for the lower VOC and the deteriorated recombination. 
 
4.3.3 Effect of phenyl ring spacer group 
It has been observed in DSCs that a small structural modification in 
D-pi-A dyes, by inserting a phenyl ring before the cyanoacrylic acid binding 
group, dramatically enhances the efficiency of DSCs by over 6.5 times, from 
1.24% to 8.21%. The explanation is that the presence of the phenyl ring is able 
to suppress the back electron transfer and thus reduce the recombination 
process.
141
 Inspired by the above finding, a new molecular relay, PAPC, was 
then designed and synthesized based on the structure of BHBA, with a phenyl 
ring inserted between the triphenylamine donor part and the carboxylic acid 
binding group. 
 
PAPC shows a pale yellow color in acetonitrile. The energy difference 
between HOMO and LUMO of PAPC is determined by absorption spectrum, 
as shown in Figure 4.10 (a). The peak position red shifts to 356 nm compared 
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with BHBA, which corresponds to an energy difference of 3.48 eV. The 
potential of the relay molecule exhibits a similar value, 0.47 V vs. Ag/AgNO3, 
also between the VB of CdS and the redox potential of the cobalt complex. 
 
 
Figure 4.10 (a) UV-Vis optical density spectrum of PAPC in acetonitrile; (b) 
cyclic voltammetry of PAPC anchored onto TiO2/CdS photoanode in 0.10 M 
LiClO4 acetonitrile solution. The reference electrode is Ag/AgNO3, while the 
counter electrode is a platinum wire. The solution used for the Ag/AgNO3 
reference electrode was 0.01 M AgNO3 and 0.10 M tetrabutylammonium 




The j-V and IPCE characteristics of CdS, CdS/BHBA and 
CdS/PAPC-sensitized solar cells are shown in Figure 4.11. The newly 
synthesized relay molecule PAPC exhibits the best performance, yielding a 
VOC of 867 mV, jSC of 4.86 mA cm
2
, fill factor of 63.3%, and efficiency of 
2.67%, under AM 1.5G, 100 mW cm
2
 illumination, as summarized in the 
Table 4.1. The IPCE of the CdS/PAPC-sensitized photovoltaics is close to 
80%, which is only within a few percent of the FTO conductive glass 
transmission limit, demonstrating that the efficiencies of light harvesting, 
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charge collection, and charge separation process are reaching unit for the 
CdS/PAPC-sensitized solar cell. 
 
  
Figure 4.11 Photovoltaic performance of CdS, CdS/BHBA and CdS/PAPC- 
sensitized TiO2 solar cells: (a) photocurrent-voltage characteristics under AM 
1.5G, 100 mW cm
2
 illumination; (b) IPCE spectra. The CdS is prepared by 
10 SILAR cycles. The electrolyte consists of 0.20 M [Co(bpy)3](PF6)2, 0.02 M 
[Co(bpy)3](PF6)3, 0.50 M LiClO4, and 0.50 M 4-tert-butylpyridine in 
acetonitrile solution. The counter electrode is platinized FTO glass. The active 
working area is 0.12 cm
2
 determined by a mask. 
 
To further optimize the light harvesting of sensitized electrode, a 2 μm 
thick scattering layer consisting of 400 nm sized TiO2 particles was 
screen-printed on top of the transparent layer. This has led to a champion 
device, which demonstrated VOC of 858 mV, jSC of 5.16 mA cm
2
, fill factor of 
64.0%, and efficiency of 2.84%, as shown in the Figure 4.12 (a). To the best 
of our knowledge, both the j-V characteristics and IPCE are among the highest 





Figure 4.12 Photovoltaic performance of the CdS/PAPC champion device: (a) 
photocurrent-voltage characteristics under AM 1.5G, 100 mW cm
2
 
illumination; (b) IPCE spectra. The TiO2 film has a scattering layer with a 
thickness about 2 μm. The inset shows the detailed parameters of j-V curve. 
The active working area is 0.12 cm
2
 determined by a mask. 
 
Electrochemical impedance spectroscopic measurement was further 
carried out in order to obtain more information about the devices, like C and 
Rct. The values of Cand Rct shown in Figure 4.13 were obtained by fitting the 
electrochemical impedance spectra as described in the Section 2.7.3. 
Compared with BHBA, the C of PAPC cell is only slightly lower, while Rct is 
a few times higher, which is consistent with the conclusion in the D-pi-A 
organic dye that the presence of the phenyl ring could considerably reduce the 
recombination process.
141
 Limited by the frequency range of electrochemical 
impedance test (10
5 
- 0.1 Hz), the processes that occur in the faster timescales, 
such as the charge injection and molecular regeneration process, are not able 
to be determined by the electrochemical impedance spectroscopy. These 
important processes will be further characterized and analyzed in Chapter 5 by 
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the transient absorption measurement with nanosecond and femtosecond laser, 
from which more detailed kinetics on molecular relay system will be 
disclosed. 
 
   
Figure 4.13 TiO2 chemical capacitance (a) and interfacial charge transfer 
resistance (b) on different voltage and capacitance for CdS (blue), CdS/BHPA 
(green) and CdS/PAPC (red) -sensitized solar cells. 
 
4.3.4 Photostability comparison among the different TPA 
derivatives 
Besides the influence on the power conversion efficiency of the solar cells, 
the long-term stability is also greatly affected by the molecular modification, 
as shown in Figure 4.14. Under short circuit conditions, all the triphenylamine 
derivatives exhibit positive influences on the photostability. Among these 
photovoltaic devices, the CdS/PAPC is the most impressive one that the 
normalized photocurrent still remains ~66%, while ~23% for CdS/BHBA,  
~6% for CdS/DPABA, and nearly zero for both CdS and CdS/BHBT after 




A good relay effect is expected to quickly remove the photo-generated 
holes which result in photocorrosion of the labile sensitizers. The holes 
transfer into the surface grafted relay molecule until they are further 
intercepted by the reduced species in electrolyte. As such, the influence of 
molecular structure on the stability is actually consistent with that on 
photovoltaic characteristics discussed in the previous sections. 
 
 
Figure 4.14 Short circuit photocurrent transient of CdS (black), CdS/DPABA 
(yellow), CdS/BHBA (blue), CdS/BHBT (green), and CdS/PAPC (red) 
-sensitized solar cells under AM 1.5G illumination at 100 mW cm
2
. The 
active working area is 0.12 cm
2
 determined by a mask. 
 
4.3.5 CdSe/molecular relay-sensitized solar cells 
The limiting factor of photocurrent in CdS/PAPC-sensitized solar lies in 
the narrow light absorption spectrum of CdS sensitizer. Therefore, 
semiconductor sensitizers with long wavelength light absorption are preferred 
in order to replace the CdS. One good candidate for light harvesting is CdSe. 
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The bandgap of bulk CdSe is around 1.70 eV,
160
 much smaller than CdS (2.42 
eV), which corresponds to an absorption onset of ~730 nm, covering almost 
the whole visible light region. In addition, CdSe could combine with many 











 etc., which exhibit 
superior properties to bare CdSe sensitizer. Therefore, CdSe and its 
compounds become one of the most popular sensitizers in the polysulfide- 
based SSCs, especially for the high efficient solar cells.
26, 27, 39, 44, 93, 161
 
However, CdSe-sensitized solar cells present much worse photovoltaic 
performance with cobalt complex electrolytes than the polysulfide-based 
ones.
162
 Hence, I use the concept of molecular relay to modify the CdSe 
interface and improve the performance of SSCs. 
 
The photovoltaic performance of CdSe and CdSe/PAPC-sensitized TiO2 
solar cells is shown in Figure 4.15 and Table 4.3. The photovoltaic 
performance slightly increases after grafting the PAPC molecule, but the 
improvement is not as significant as that in the CdS/PAPC system. This is 
mainly because that CdSe have a higher VB level than CdS, which decreases 
the driving force for the hole injection form CdSe VB to the PAPC HOMO. 
Therefore, relay molecules with negative potentials compared with 






Figure 4.15 Photovoltaic performance of CdSe and CdSe/PAPC-sensitized 
TiO2 solar cells: (a) photocurrent-voltage characteristics under AM 1.5G, 100 
mW cm
2
 illumination; (b) IPCE spectra. The CdSe is prepared by 8 SILAR 
cycles. The electrolyte consists of 0.20 M [Co(bpy)3](PF6)2, 0.02 M 
[Co(bpy)3](PF6)3, 0.50 M LiClO4, and 0.50 M 4-tert-butylpyridine in 
acetonitrile solution. The counter electrode is a piece of platinized FTO glass. 
The active working area is 0.12 cm
2
 determined by a mask. 
 
Table 4.3 Photovoltaic characteristics of CdSe, CdSe/PAPC, CdSe/BPCA 
and CdSe/FCA-sensitized TiO2 solar cells with cobalt bipyridyl complex as 




Sample VOC/mV jSC/mA cm
2
 FF/% PCE/% 
CdSe 607 2.90 70.7 1.24 
CdSe/PAPC 613 3.21 67.4 1.33 
CdSe/BPCA 624 4.53 69.0 1.95 
CdSe/FCA 612 4.10 71.1 1.78 
 
Here, two new molecular relays with more negative potentials than 
triphenylamine derivatives are introduced: BPCA and FCA. The molecular 
structures are shown in Figure 4.2. BPCA is also a colorless molecule with the 
absorption peak at 357 nm, justifying that the energy difference between 
HOMO and LUMO is 3.47 eV, as shown in Figure 4.16. Based on the cyclic 
voltammetry result of BPCA, the redox potential is about 0.40 V vs. 
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Ag/AgNO3. FCA is slightly yellow with the first absorption peak at 445 nm, 
corresponding to an energy difference between HOMO and LUMO of 2.79 eV. 
The redox potential is determined by a cyclic voltammetry test by adsorbing 
FCA onto TiO2/CdSe photoanode, which is about 0.36 V vs. Ag/AgNO3. Both 
BPCA and FCA exhibit more negative potential than the previously discussed 
triphenylamine derivatives, which is 0.69 V, 0.43 V, and 0.47 V vs. 
Ag/AgNO3 for DPABA, BHBA and PAPC, respectively. Therefore BPCA and 
FCA will remain larger driving force for the hole injection from the valence 




Figure 4.16 (a, c) UV-Vis optical density spectra of BPCA and FCA 
dissolved in acetonitrile; (b, d) cyclic voltammetry of BPCA and FCA grafed 
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onto TiO2/CdSe photoanode in 0.10 M LiClO4 acetonitrile solution. The 
reference electrode is Ag/AgNO3, while the counter is a platinum wire. The 
solution used for the Ag/AgNO3 reference electrode was 0.01 M AgNO3 and 





It obviously reveals that the power conversion efficiency of the 
CdSe/BPCA and CdSe/FCA-sensitized solar cell is 57% and 44% superior to 
that without modification, yielding PCE of 1.95% and 1.78% under AM 1.5G, 
100 mW cm
2
 illumination, respectively (Table 4.3). Additionally, the IPCE 
values (Figure 4.17 (b)) of the CdSe/BPCA and CdSe/FCA-sensitized 
photovoltaic are also larger than the bare CdSe device. The IPCE values 
decrease in the long wavelength region for all three conditions, because there 
is no scattering layer and the light harvesting is not optimized in the red and 
near-infrared wavelength region. 
 
  
Figure 4.17 Photovoltaic performance of CdSe, CdSe/BPCA and CdSe/FCA- 
sensitized TiO2 solar cells: (a) photocurrent-voltage characteristics under AM 
1.5G, 100 mW cm
2
 illumination; (b) IPCE spectra. The CdSe is prepared by 8 
SILAR cycles. The electrolyte consists of 0.20 M [Co(bpy)3](PF6)2, 0.02 M 
[Co(bpy)3](PF6)3, 0.50 M LiClO4, and 0.50 M 4-tert-butylpyridine in 
acetonitrile solution. The counter electrode is a piece of platinized FTO glass. 
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The active working area is 0.12 cm
2
 determined by a mask. 
 
The molecular components of BPCA and FCA are similar to DPABA: 
only a donor part and a binding group, but without any long alkoxy chains or 
additional phenyl ring spacer group. As discussed in Sections 4.3.1 and 4.3.1, 
the molecular structure optimization plays an important role for the 
performance improvement of photovoltaic devices. It is believed that such 
modification could also be applied to the phenoxazine and ferrocene 
derivatives as well, for a high photovoltage, current and consequently high 
PCE, especially for CdSe-sensitized solar cells. 
 
4.4 Summary 
From the above results, it is convincing to draw the conclusion that the 
structure of the relay molecules has a significant influence on the power 
convention efficiency and the long-term photostability of the 
semiconductor-sensitized solar cells. 
 
The effects are analogue to that of D-pi-A dyes for DSCs and the 
performance improvement is well justified for triphenylamine-based relay 
molecules with longer alkoxy chains and phenyl ring spacer. The 
CdS/PAPC-sensitized solar cell shows the best performance with IPCE close 
to unit, yielding a VOC of 858 mV, jSC of 5.16 mA cm
2
, fill factor of 64.0%, 
and efficiency of 2.84%, which is the highest for CdS-sensitized 
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nanocrystalline TiO2 solar cells so far. 
 
That increment mainly comes from three aspects: (1) the more negative 
redox potential of BHBA and PAPC compared with that of DPABA, largely 
enhances the hole injection driving force which is determined by the 
difference between the valance band of semiconductor and relay molecule 
potential. (2) The longer alkoxy chains of BHBA and PAPC slow down the 
recombination between the injected electrons with the oxidized species in 
electrolyte, which has been revealed by a larger interfacial charge transfer 
resistance from electrochemical impedance spectroscopic measurement, 
leading to a considerable improvement of both VOC and jSC. (3) The phenyl 
ring between the TPA and the carboxylic acid group in PAPC effectively 
impedes the back electron transfer, which further enhances the charge 
separation efficiency and reduces the recombination process. 
 
Moreover, the photostability is considerably improved for 
CdS/PAPC-sensitized solar cell compared with that of CdS/DPABA cell in 
Chapter 3, and it retains ~66% photocurrent after 1000 s continuous 
illumination. In addition, the enhanced photostability makes it possible to 
study the semiconductor/relay-sensitized devices with various frequency and 
time-resolved techniques for an insightful understanding of the charge transfer 




It is believed that with appropriate relay molecules, such an approach 
could be applied to many other semiconductor sensitizers, especially for the 
ones with long wavelength light absorption, such as CdSe. Since the VB of 
CdSe is higher than CdS, the desirable potential of molecular relay is required 
to be more negative. Here, two new molecular relays, BPCA and FCA, are 
used to modify the CdSe sensitizer and PCE improvement by 57% and 44% 
are observed respectively in the CdSe/relay-sensitized solar cells. Noticed that 
BPCA and FCA are the simplest phenoxazine and ferrocene derivatives, it is 
believed that the performance would be further improved, if these two 





Chapter 5 Kinetic Study on Molecular Relay 
Modified Photoelectrochemical Cells 
 
5.1 Introduction 
In the previous chapters, several semiconductor/relay systems have been 
discussed. Most of the molecular relays exhibit intriguingly positive effects 
towards performance enhancement of the photoelectrochemical (PEC) cells. 
Moreover, the cell photostability is also greatly improved, which makes it 
possible to investigate the semiconductor/relay PEC cells with time-resolved 
techniques under illumination for a more insightful understanding of the 
charge transfer mechanism. 
 
CdS/PAPC system is chosen for detailed study, because it reveals the best 
performance in SSC with cobalt bipyridyl complex redox species, yielding a 
VOC of 858 mV, jSC of 5.16 mA cm
2
, fill factor of 64.0%, and efficiency of 
2.84% (Figure 4.12), while its counterpart, CdS-sensitized solar cells only 
displays a VOC of 571 mV, jSC of 2.92 mA cm
2
, fill factor of 62.0%, and 
efficiency of 1.03% (Table 4.1). The enhancement is so obvious that PAPC 
must play a central role in this semiconductor/relay system. 
 
The proposed charge transport processes in the CdS/PAPC 
photoelectrochemical cell are listed below: 







) + TiO2 → CdS (h
+
) + TiO2 (e

)      (5.2) 
CdS (h
+




2+  PAPC + [Co(bpy)3]
3+
     (5.4) 
There are two processes involving PAPC molecule. One is for the appearance 
(eq. 5.3) and the other is for the disappearance of PAPC
•+
 radial cation (eq. 
5.4). Therefore the time constants of these two reactions are significant to the 
understanding of the charge separation and transfer mechanism. 
 
5.2 Experimental 
5.2.1 Fabrication of SSCs 
The solar cells were prepared by the method as described in the Section 
2.5. Semiconductor light absorber was coated onto TiO2 by SILAR approach 
mentioned in the Section 2.2. The electrolyte employed in this chapter 
consisted of 0.20 M [Co(bpy)3](PF6)2, 0.02 M [Co(bpy)3](PF6)3, 0.50 M 
LiClO4, and 0.50 M 4-tert-butylpyridine in acetonitrile solution, which has 
been optimized in the Section 3.3.4. The platinized FTO glass counter 
electrode was prepared by the method as described in the Section 2.4.1. Relay 
molecule was grafted onto sensitizer by immersing the photoanode into the 
molecule solution for overnight before rinsed by acetonitrile to remove 




5.2.2 Femtosecond transient absorption measurement 
The electron dynamics in the TiO2 photoelectrode was studied by the 
ultrafast transient absorption (TA) from the pump probe experiments. They 
were obtained by a Ti:sapphire oscillator with regenerative amplifier system 
(Vitesse, Coherent). The output light beam exhibits a 60 fs pulse duration with 
a repetition rate of 1 kHz, which is centered at 800 nm. 
 
Generally, the original beam was split into two parts. The larger one went 
through an optical parametric amplifier (TOPAS-c, Light conversion) 
generating a 500 nm laser beam to work as a pump beam, which was 
modulated to be 500 Hz by an optical chopper. The other portion of the light 
beam was used for generating a white light continuum in the 1 mm sapphire 
plate. The white light continuum was then split into two laser beams by a glass 
beam splitter, one as the probe light and the other as the reference to adjust the 
pulse-to-pulse intensity fluctuations. 
 
The reference and signal laser beams were monitored by photodiodes 
which were connected to the lock-in amplifiers and the computers. The pump 
beam was focused onto the photoelectrode with a 300 m beam size and 
overlaps with the 100 m diameter probe beam. The delay between the probe 
and pump laser pulses was recorded by a computer with controlled translation 
stage (Newport, ESP 300). The variation light transmittance at the particular 
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probe wavelength is monitored as a function of the pump and probe pulses 
deference with time delay. 
 
5.2.3 Nanosecond transient absorption measurement 
The solar cell was pumped with a 532 nm beam, which was from a 
Nd:YAG Q-switched laser (Continuum Minilite II). The width of the pulse is 
5 ns with a repetition rate of 5 Hz. The beam area is diameter 9 mm after 3× 
beam expander. This laser was focused onto the SSC together with probe light 
which is monochromatic beam come from the IPCE system. Behind the solar 
cell, there was a photodiode detector (10 ns rise time, Thorlabs FDS100) to 
record the transmitted light intensity, which worked at 10 V reverse bias. A 
532 nm notch filter positioned just in front to reject the stray light. 
 
An oscilloscope (200 MHz bandwidth, Tektronix DPO2022B) and a 
current amplifier (80 MHz bandwidth, FEMTO DBPCA-100) were controlled 
by computer with a Labview software to detect the photocurrent. Another 
photodiode which is equipped with an integrated current amplifier (Thorlabs, 
PDA36A) worked as trigger. The TA measurement is characterized under the 
open circuit condition. The results were analyzed with Mathematica 8 after the 
traces were averaged by 512 times. During the TA measurement, a black mask 
that is slightly smaller than the device working area was used to cover the 
back surface of the SSC so as to confirm that only the probe light that can go 
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through the solar cell and finally arrive at the photodiode detector. 
 
5.3 Results and discussion 
5.3.1 Charge transfer from CdS to PAPC 
PAPC
•+
 is a radical cation with green color. The absorption peak of the 
PAPC
•+
 is centered at ~770 nm (Figure 5.1, PAPC
•+
 is electrochemically 
produced), while CdS
+
 does not exhibit any specific absorption peaks between 
650 nm and 800 nm (Figure 5.2). The different evolutions of the transient 
absorption spectrum (TAS) could be recorded in order to probe the PAPC
•+
 
concentration in the CdS/PAPC-sensitized photoelectrode under illumination. 
Therefore, the information of the hole injection and regeneration processes are 
able to be obtained and analyzed. 
 
  
Figure 5.1 UV-Vis optical density spectra of a TiO2 electrode (black) after 
adsorbing PAPC (red) or depositing CdS (yellow) and CdS/PAPC (green). 
The insets highlight the peak position of the electrochemically produced 
PAPC
•+






Figure 5.2 Transient absorption spectra during 0.1 ~ 1000 ps of a 
CdS-sensitized TiO2 photoanode. 
 
As revealed in Figure 5.3 (a), excited with 500 nm laser beam which is 
transparent to both the molecular relay and TiO2, a broad absorption peak 
centered at ~770 nm appears at time less than 1 ps and disappears slowly at 
longer time. Figure 5.3 (b) shows the time evolution of the absorption peak at 
770 nm. The quick drop is probably caused by the charge trapping dynamics 




The appearance of the new 770 nm absorption band indicates that new 
species is generated just after the laser excitation. As the TAS profile is 
extremely similar to that of the PAPC
•+
 absorption spectrum (Figure 5.1), I 
attribute the signal to the production of PAPC
•+
 radical cation resulting from 
the hole injection from the semiconductor sensitizer into the surface grafted 
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relay molecule. Hence, the rate of the hole injection process from CdS
+
 to 
PAPC could be approximately obtained by the rising edge displayed in the 
Figure 5.3 (b), which is faster than one picosecond.  
 
That time constant demonstrates that the hole in CdS valence band can be 
transferred to the molecular relay in a time scale of sub-picosecond after the 
laser excitation. This is also comparable to the rate of hole transfer from CdSe 
to Na2S-based electrolyte,
114
 and to the rate of that in CdS-dibromofluorescein 
supersensitized system
108
. The constant of regeneration time is not able to be 
obtained just from the time trace shown in Figure 5.3 (b), since the process 
seems slower than 1000 ps. Therefore, a nanosecond TA was measured in 
order to have a more accurate time constant of the regeneration reaction, 





Figure 5.3 Transient absorption spectra during 0.1~1000 ps (a) and time 
trace at 770 nm (b) of a CdS/PAPC-sensitized TiO2 photoanode. 
 





Similar to that in the femtosecond laser measurement, an absorption peak 
appeared at 770 nm in the nanosecond TAS with a 532 nm laser pulse, which 
was also attributed to the PAPC
•+





Figure 5.4 (a) Transient absorption spectra during 100 ns ~ 1 ms of the 
CdS/PAPC-sensitized solar cells; (b) time trace at 770 nm of normal cell (red) 
and blank cell (blue). The electrolyte of normal cell consists of 0.20 M 
Co(bpy)3(PF6)2, 0.02 M Co(bpy)3(PF6)3, 0.50 M LiClO4, and 0.50 M 
4-tert-butylpyridine, while the blank cell consists of 0.46 M EMITFSI, 0.50 M 
LiClO4, and 0.50 M 4-tert-butylpyridine. 
 
The fitting of the 770 nm TA trace in Figure 5.4 (b) is complicated 
because of the non-trivial absorption of electrons in both TiO2 and CdS at 770 
nm during this time scale, and limited features in Figure 5.4 (b) to separate the 
PAPC
•+
 from the e

 decay. As such, TA of a blank cell (electrolyte without 
redox species) was measured as shown in Figure 5.4 (b), in order to decide the 
kinetics of geminate recombination between the PAPC
•+
 and electrons in the 
photoanode, so that the time constant of the PAPC
•+
 regeneration could be 
obtained. 
 





while the time constant of the regeneration for PAPC
•+







 s semi-quantitatively, which is very close to the time constant of 
the regeneration in DSCs with D-pi-A dyes and cobalt bipyridyl complex 
electrolyte.
113
 That is reasonable, if considering that a similar triphenylamine 
donor component and the same cobalt complex were employed in both cases. 
 
5.4 Summary 
The above TA measurement has drawn a clear picture of the charge 
transfer kinetics in the CdS/PAPC-sensitized photoelectrochemical cells. 
Under illumination, the photo-generated holes in the valence band of CdS are 
immediately removed by the grafted PAPC molecular relay, which exhibits 
several effects on the operation of photovoltaics: (1) The instantaneous effect 
is that the holes with high energy are quickly removed from semiconductor 
sensitizer, so that the photocorrosion of the semiconductor is alleviated; (2) 
The photo-generated holes are further separated spatially from the injected 
electrons in the photoanode, so the geminate recombination is able to be 
suppressed; (3) The molecular structure of PAPC is effective in blocking the 
recombination between the injected electrons and the cobalt bipyridyl complex 
electrolyte. As a result, both charge separation and collection efficiency of the 
solar cells are dramatically enhanced, which interprets the photocurrent 
improvement adequately. Furthermore, the high photovoltage of the 
CdS/PAPC SSC is well indicated by the retarded recombination of the injected 
electrons in the presence of the relay molecule. Consequently the overall 
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performance of the photovoltaics is considerably improved. 
 
TA measurement supports that the photo-generated holes only reside in 
semiconductor sensitizer for less than 1 ps before transferring into the grafted 
molecular relay. This immediate interception of holes from the CdS valence 
band greatly increases the charge separation process and stabilizes the 
sensitizer in the [Co(bpy)3]
2+/3+
-based electrolyte, and consequently leads to an 
unprecedented power conversion efficiency. 
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Chapter 6 Synthesis of Nanocrystal NiO 
Photocathodes and Their Application in 
Molecular Relay Modified p-type SSCs 
 
6.1 Introduction 
Nowadays, most of the mesoscopic semiconductor-sensitized solar cell 
studies are focused on the photoanode with n-type semiconductor materials, 
such as TiO2, SnO2, ZnO.
14-16
 The counterpart, p-type photocathode, only has 
a few reports and mainly in the area of DSCs.
163, 164
 Recently, p-type SSCs 





NiO is a p-type semiconductor with a large bandgap of 3.6 ~ 4.0 eV.
166
 
Several approaches have been reported for preparing the NiO photocathode, 
such as sputtering,
167









 and screen-printing 
with commercial powder.
176-178
 Among these methods, the most popular one is 
sol-gel synthesis where Ni(OH)2 gel is formed as a precursor followed by heat 
treatment at high temperature in air, during which it is dehydrated and finally 
forms the NiO nanoparticles. 
 
In this chapter, I develop a modified sol-gel procedure based on a method 
reported by Eiji Suzuki et al., where polyethyleneoxide-polypropyleneoxide- 
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polyethyleneoxide (PEO-PPO-PEO) triblock copolymers were utilized as 
templates and NiCl2 was used as nickel precursor. They found that the power 
conversion efficiency of NK-2684-sensitized solar cells based on F-group 
(F88, F108, shown in Table 6.1) is around 1.5 times higher than P-group 
copolymers (P105, P123, shown in Table 6.1), because the NK-2684 dye 
loading is much better on F-group electrode. In addition, it was observed that 
small NiCl2/polymer ratio led to cracks while large ratio resulted of opaque 













P105 37 56 0.66 6500 
P group 
P123 20 69 0.29 5750 
F88 104 39 2.67 11400 
F group 
F108 133 50 2.66 14600 
 
The main drawback of the above method is that it requires very tedious 
condensation process to prepare the Ni(OH)2 gel, which normally takes a few 
days for solvent evaporation. Here I optimized the concentration of precursor 
solution. The weight ratio of F108, NiCl2, deionized water and absolute 
ethanol was changed from 1:1:3:6 to 1:1:1:2, which dramatically saves the 
aging time. Moreover, the centrifuge process is eliminated. With these 
modifications, a high quality uniform single nanocrystal NiO film was 
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synthesized for the photovoltaic application. 
 
Inspired by the electron donor relay in n-type SSC,
42
 an electron acceptor 
is applied as molecular relay in p-type SSC. One good candidate is the 
viologen derivatives, which have been widely studied for other 
applications.
179-183
 These molecules exhibit excellent charge separation 
property within a picosecond timescale.
181-183
 Therefore, one of viologen 
derivatives with carboxylic acid binding group, N-[1-heptyl],N’- 
[3-carboxypropyl]-4,4’-bipyridinium (HVP2+) bromide, is chosen as a relay 








6.2.1 Preparation of NiO photocathode 
The NiO photocathode was prepared as described in the Section 2.1.2. 
The CdSe sensitizer was then coated by SILAR method, which has been 
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modified based on Section 2.2.3 that the deposition and dry time are controlled 




6.2.2 Fabrication of SSCs 
The photovoltaics were fabricated by the method mentioned in Section 2.5. 
The electrolyte consists of 0.20 M [Co(bpy)3](PF6)2, 0.02 M [Co(bpy)3](PF6)3, 
0.50 M LiClO4, and 0.50 M 4-tert-butylpyridine dissolved in acetonitrile 
solution. The counter electrode is platinized FTO glass (Section 2.4.1). The 
relay molecule was grafted onto the semiconductor by immersing the 
sensitized NiO electrode into 0.20 mM HVP
2+
 acetonitrile solution for 




The material characterizations for the synthesis of NiO nanoparticles, 
such as DSC, TGA, SEM, TEM, XRD, XPS, etc. were following the methods 
in Section 2.6. The absorbance spectrum of HVP
2+
 was determined as 
described by the approach in Section 2.6.2. The j-V characteristics and IPCE 
were carried out as described in Sections 2.7.1 and 2.7.2, respectively. 
 
6.3 Results and discussion 
6.3.1 Synthesis of nanocrystal NiO photocathode 
Figure 6.2 shows the differential scanning calorimetry and 
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thermogravimetric curves of PEO-PPO-PEO triblock copolymers (F108). 
With increasing temperature, F108 will firstly melts at ~52.0 
o
C, revealed by a 
differential heat flow peak in Figure 6.2 (a). Then it will begin to decompose, 
when the temperature is higher than 200 
o
C. Finally, the polymer totally burns 
resulting in an almost zero weight percentage (Figure 6.2 (b)). Based on these 
thermal properties, the heating process was determined to be two stages: 180 
o
C and 450 
o
C for the sol-gel method to prepare the nanoparticles. 
 
  
Figure 6.2 Differential scanning calorimetry (a) and thermogravimetric (b) 
of F108 triblock copolymers. 
 
Figure 6.3 shows the morphology of the as prepared nanoparticles. It has 
uniform size distribution around 30-40 nm, which is used for the following 
experiment and characterizations. The energy-dispersive X-ray spectroscopy 
shows that the main element components are nickel and oxygen with ratio 





Figure 6.3 Morphology (a) and element components (b) of the as prepared 
nanoparticles. The scal bar is 100 nm. 
 
The nanoparticle has regular octahedron shape as shown in Figure 6.3 (a), 
which indicates that the material is highly crystalized. Therefore XRD pattern 
was then measured to further confirm the phase and structure of the material, 











, being indicative of the (111), (200), (220), (311), and (222) planes of 
the bunsenite crystal structure of NiO. 
 








             (6.1) 
where a is the lattice constant, (h k l) is the face index, θ is the angle in XRD 
pattern, and 𝜆 is the wavelength of Cu 𝐾𝛼1 radiation. The lattice constant is 





Figure 6.4 XRD pattern of the synthesized NiO powder. 
 





               (6.2) 
where τ is the average crystal size, K is a dimensionless shape factor, β is the 
broadening at half maximum intensity. The τ value based on this equation is 
calculated to be 42.7 nm with the value of the first peak (111), which is 
consistent with that observed in the SEM images (Figure 6.3 (a)). 
 
Figure 6.5 shows the TEM images of the NiO particles. The size of the 
particle is ~40 nm (Figure 6.5 (b)), which is consistent with SEM images in 
Figure 6.3 (a). What’s more, the high-resolution TEM image clearly reveals 











            (6.3) 
where a = 0.417 nm is the lattice constant, (h k l) is the Miller index of crystal 







= 3.019, which indicates that they are (111) and (111) planes. It seems there 
is only one set of lattice structure in one particle, which means each NiO 
particle is a single crystal. This is further proved by electron diffraction in 
Figure 6.5 (c). Similar to the calculation shown in Figure 6.5 (a), the indices 
are {111}, {002}, {220}, {113} and the electron incidence direction is [110], 
which is perpendicular to the crystal planes. 
 
 
Figure 6.5 Morphology and crystal structure of the as prepared nanoparticles: 
(a) high-resolution TEM image, (b) TEM image, (c) electron diffraction. 
 
The X-ray photoelectron spectra of NiO nanoparticles are revealed in 
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Figure 6.6. The background is chosen to be a standard Shirley integration 
algorithm. For each peak component, asymmetric Gaussian-Lorentzian 
(70%:30%) function is used for fitting.
184
 Most of the peaks are attributed to 
Ni (II) except the one at 855.8 eV which corresponds to the presence of Ni 
(III).
185
 The presence of Ni (III) introduces defect and makes nickel oxide 
naturally to be p-type property. The O 1s spectrum is located at the binding 
energy of 529.4 eV, around 67% of the total oxygen spectral area. Another 











Figure 6.6 XPS spectra of (a) Ni 2p and (b) O 1s in the as-prepred NiO 
nanoparticles. The black dots are the raw data and the lines are the fitted 
results. The blue lines are the backgroud based on a standard Shirley 
integration algorithm. The pink lines are the simulated Ni 2p3/2 and O 1s, 
respectively. The green lines are the fitted Ni 2p1/2. All the lines are calculated 




6.3.2 Molecular relay modified p-type SSCs 
The molecule HVP
2+
 is colorless with a tiny absorption peak at 
approximately 335 nm, which is shown in Figure 6.7 (a). That indicates that 
the energy difference between HOMO and LUMO is ~3.70 eV. There are two 
redox potentials of this relay molecule at 0.68 V and 1.16 V vs. Ag/AgNO3, 
corresponding to the formation of HVP
+
 and HVP, respectively. Both 
potentials lie in between the CdSe conduction band minimum (CBM) and 
electrolyte redox potential, offering a driving force for electron interception 
from the semiconductor sensitizers. 
 
  
Figure 6.7 (a) UV-Vis optical density spectrum of HVP
2+
 in acetonitrile; (b) 
cyclic voltammetry of HVP
2+
 anchored onto ITO electrode in 0.10 M LiClO4 
acetonitrile solution. The reference electrode is Ag/AgNO3, while the counter 
electrode is a platinum wire. The solution used for the Ag/AgNO3 reference 
electrode was 0.01 M AgNO3 and 0.10 M tetrabutylammonium perchlorate in 




As illustrated in Figure 6.8, the proposed charge transfer processes in the 
CdSe/HVP
2+
-sensitized NiO photocathode are shown below: 

















 → CdSe + HVP        (6.6) 
HVP + [Co(bpy)3]
3+







 → HVP2+ + [Co(bpy)3]
2+
      (6.7) 
 
 
Figure 6.8 The proposed charge separation process in the CdSe-sensitized 
NiO photocathode with HVP
2+
 as the molecular relay.  
 
CdSe absorbs photons to excite electrons to the conduction band (eq. 6.4). 
The photo-generated holes in the valance band inject into metal oxide and then 
diffuse through the NiO film until they are finally extracted to the external 
circuit (eq. 6.5). Meanwhile, the electrons will be accepted by the anchored 
HVP
2+
, because the energy level of HVP
2+
 is lower than the conduction band 
edge of CdSe (eq. 6.6). The reduced molecular relay is further regenerated by 
the oxidized species in the electrolyte that is [Co(bpy)3]
3+





 then diffuse to the counter electrode to receive a 
hole and is oxidized back to [Co(bpy)3]
3+
, completing the 
photo-electrochemical cycle. 
 
Figure 6.9 and Table 6.2 display the photovoltaic performance of 
photoelectrochemical cells based on CdSe, CdSe/SA and 
CdSe/HVP-sensitized mesoscopic NiO photocathodes. Reported by previous 
study, because of the sluggish hole transport process in the mesoscopic NiO 
film, a compact layer of NiO is usually required between the FTO and 
mesoporous NiO in order to achieve photocathodic operation.
111
 Therefore, 
the NiO compact layer was also synthesized onto that FTO glass by spray 
pyrolysis (detailed description in Section 2.1.2) in this study. As a result, all 
the solar cells in Figure 6.9 work in photocathodic mode, indicating the 
capability of CdSe to injecting holes into the valence band of NiO. 
 
  
Figure 6.9 Photovoltaic performance of CdSe, CdSe/SA and 
CdSe/HVP
2+
-sensitized NiO solar cells: (a) photocurrent-voltage 
characteristics under AM 1.5G, 100 mW cm
2
 illumination; (b) IPCE spectra. 
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The CdSe is prepared by 15 SILAR cycles. The electrolyte consists of 0.20 M 
[Co(bpy)3](PF6)2, 0.02 M [Co(bpy)3](PF6)3, 0.50 M LiClO4, and 0.50 M 
4-tert-butylpyridine in acetonitrile solution. The counter electrode is a piece of 
platinized FTO glass. The active working area is 0.12 cm
2
 determined by a 
mask. 
 
Table 6.2 Photovoltaic characteristics of CdSe, CdSe/SA and CdSe/HVP
2+
- 
sensitized NiO solar cells with cobalt bipyridyl complex as electrolyte. The 
measurement is under simulated AM 1.5G, 100 mW cm
2
 illumination. 
Sample VOC/mV jSC/mA cm
2
 FF/% PCE/% 
CdSe 86 0.411 32.6 0.0115 
CdSe/SA 89 0.428 35.6 0.0136 
CdSe/HVP
2+
 107 0.476 33.8 0.0173 
 
The device without any modification exhibits the worst efficiency, 
~0.0115%. After grafted by stearic acid (SA, molecular structure is shown in 
Figure 3.11), the performance increases slightly, while by HVP
2+
, the 
enhancement is more obvious, yielding a VOC of 107 mV, jSC of 0.476 mA 
cm
2
, fill factor of 33.8%, and efficiency of 0.0173% under AM 1.5G, 100 
mW cm
2
 illumination, as summarized in Table 6.2. The IPCE of 
CdSe/HVP
2+
-sensitized device is also superior to the CdSe and CdSe/SA 
photovoltaics. The IPCE declines at long wavelength region due to the poor 
light harvesting efficiency of sensitizers in the red and near-infrared 
wavelength region. 
 
Even though photocathodic solar energy conversion improves by 50.4% 
after interface modification with HVP
2+
, p-type SSCs still suffer from poor 
photocurrent compared with their dye-sensitized counterparts. As mentioned 
in Section 2.7.2, the short circuit photocurrent density could be calculated 
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form IPCE based on the following equation: 
jSC =∫ q φph,AM1.5G(λ) IPCE(λ)dλ         (6.8) 
However, the value of jSC obtained from photocurrent-voltage characteristics is 





-sensitized solar cells. Since IPCE is measured under 
monochromatic illumination with low light intensity where the number of 
photons is not as high as that under simulated AM 1.5G, 100 mW cm
2
 
illumination., the large deviation of photocurrent from linearity indicates that 





Another reason for the poor performance lies in the electrical property of 
NiO is much poorer than TiO2. The hole diffusion coefficient in the NiO is 




 s, which is two orders of magnitude smaller than 
that in n-type TiO2.
192
 As a result, charge collection of the sensitized NiO 
electrode is greatly impaired. In order to further study the charge collection 
process, the electrochemical impedance spectroscopic measurement was 
attempted at beginning to investigate the charge collection process in the SSC. 
Unfortunately, the spectral features overlap severely leading to a difficult 
interpretation of the spectra. Hence, IPCE spectra of CdSe/HVP
2+
-sensitized 
solar cells from both front and rear illumination were characterized, which is 




As shown in Figure 6.10 (a), the rear IPCE in the whole wavelength range 
is much lower than that of the front one. Such a disparity of IPCE is attributed 
to the different optical pathway of incident photons, which results in distinct 
charge transport and collection. Illuminated from front side, most of the 
photons are absorbed by CdSe closed to the FTO and the photo-generated 
holes are then collected to the external circuit. However, in the case of rear 
illumination, photons ae mainly absorbed by sensitizers away from substrate, 
so holes must diffuse a longer distance before collected to the external circuit. 
The large difference between front and rear IPCE spectra indicates big loss of 
photo-generated holes when diffuse through the NiO film. 
 
  
Figure 6.10 Front (NiO electrode) and rear (counter electrode) side 
illumination IPCE spectra of CdSe/HVP
2+
-sensitized solar cells. The CdSe is 
prepared by 15 SILAR cycles. The electrolyte consists of 0.20 M 
[Co(bpy)3](PF6)2, 0.02 M [Co(bpy)3](PF6)3, 0.50 M LiClO4, and 0.50 M 
4-tert-butylpyridine in acetonitrile solution. The counter electrode is platinized 
FTO glass. The active working area is 0.12 cm
2





In this chapter, a modified sol-gel method was developed to synthesize 
single nanocrystal NiO photocathode, which is characterized by a series of 
techniques, such as SEM, EDX, XRD, TEM and XPS, in order to determine 
the morphology, composition and structure of the as-prepared material. 
 
The photovoltaic performance of p-type SSC was characterized. It was 
found that although the modification with molecular relay was able to improve 
the efficiency by 50.4%, it was still much worse than its n-type counterpart. 
The reasons for the poor performance mainly lie in the poor electrical property. 
As a result, charge collection of the sensitized NiO electrode is greatly 
impaired. Therefore, while the presence redox relay molecule could 
effectively improve charge separation, in order to enhance the photovoltaic 
performance of semiconductor-sensitized photocathodic photovoltaics, p-type 
nanocrystalline material with much better hole conductivity and consequently 
good charge collection is desired. 
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Chapter 7 Molecular Relay Modified 
CdS-sensitized Photoelectrochemical Cells: From 
Hydrogen Generation to Overall Water Splitting 
 
7.1 Introduction 
Nanocrystalline semiconductor light absorbers have attracted an 
increasing attention because of its promising potential for the application of 
the solar harnessing,
16, 193, 194









However, one critical issue for the semiconductor nanocrystals in 
photoelectrochemical (PEC) cells is that the photostability is fairly poor 
leading to bleaching of semiconductor sensitizers in the electrolyte under 
operation conditions. As a result, Na2S/Na2SO3 electrolyte is generally 
employed, where the sodium salts act as hole scavenger to protect the 
semiconductor sensitizer from photocorrosion.
196-198
 Considering that the 
interception of the photogenerated holes does not involve oxygen evolution, it 
is not H2O, but actually H2S that is split in the above PEC cells with 
sulfide-based electrolyte. 
 
In order to achieve the overall water splitting, photo-generated holes 
should neither be intercepted by sacrificial reagents in the electrolyte, nor 
corrode the semiconductor sensitizers. To address that issue, one should 
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rapidly remove holes from the valence band (VB) of semiconductor sensitizers 
and facilitate them to carry on the oxygen evolution reaction (OER) in a 
nonreactive aqueous solution.  
 
In the previous chapters, molecular relay has been used to facilitate the 
charge separation process in SSCs and an unprecedented power conversion 
efficiency and excellent photostability have been achieved. Here, 
4-(diphenylamino)benzoic acid (DPABA) is introduced into photocatalytic 
application for the overall water splitting. 
 
7.2 Experimental 
7.2.1 Fabrication of CdS/DPABA-sensitized photoanode 
TiO2 electrode was first prepared following the procedure mentioned in 
the Section 2.1.1. The CdS was then deposited by SILAR approach as descried 
in the Section 2.2.2. Thereafter the CdS-sensitized TiO2 photoelectrode was 
immersed into the 0.20 mM DPABA acetonitrile solution for overnight to 
adsorb enough relay molecules. Then the electrode was rinsed by acetonitrile 
to remove excessive molecules and dried with a gentle nitrogen flow. 
 
7.2.2 Characterizations 
The absorbance spectra of TiO2 and TiO2/CdS were measured as 
described in Section 2.6.2. The PEC performance and photostability were 
measured in 0.10 M Na2SO4 aqueous electrolyte (pH is 5.8) as mentioned in 
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Sections 2.7.4 and 2.7.5, respectively. The photocatalytic water splitting 
measurement to detect the amount of hydrogen and oxygen was carried out 
with a gas chromatography, as described in Section 2.7.4. 
 
7.3 Results and discussion 
The redox potential for water oxidation is pH dependent, as shown below 
in eq. 7.1: 
2H2O + 4h
+
 → O2 + 4H
+
 
E°(O2/H2O) = 1.23 V  0.059 V × pH        (7.1) 
Therefore, the potential of OER in this study is 0.89 V vs. NHE. 
 
The relay molecule DPABA presents a potential of ~1.25 V vs. NHE 
(Figure 3.4), which is located between the valence band of CdS and the OER 
potential. Therefore, the photo-generated holes could be removed from CdS to 
DPABA, which facilitates the charge separation and thus suppresses the 
photocorrosion process. As shown in Figure 7.1, the charge transfer processes 
are listed as below: 





) + TiO2 → CdS (h
+
) + TiO2 (e






 → 2Pt + H2 ↑          (7.4) 
CdS (h
+
) + DPABA → CdS + DPABA•+       (7.5) 
4DPABA
•+
 + 2H2O → 4DPABA + 4H
+





Figure 7.1 (a) Band diagram and charge transfer processes of 
CdS/DPABA-sensitized TiO2 photoanode; (b) scheme of CdS-sensitized 
electrode with DPABA as relay molecule. 
 
Under illumination, the electrons in CdS are excited to the conduction 
band (CB), leaving holes in valence band (VB) (eq. 7.2). The electrons are 
injected into TiO2 CB and diffuse through the photoanode (eq. 7.3), finally 
collected by H
+
 at Pt counter electrode to generate hydrogen (eq. 7.4). 
Meanwhile, as the HOMO level of the relay molecule is higher than the CdS 
VB, the holes will transfer to DPABA (eq. 7.5) for oxygen evolution reaction 
(eq. 7.6), leading to an effective charge separation process. 
 
Figure 7.2 (a) shows the photocurrent-voltage curves of the CdS and 
CdS/DPABA-sensitized photoelectrochemical cells in Na2SO4 solution. The 
first peak at 0.60 V is probably because of TiO2 or TiO2/CdS capacitive 
property at high scan rate.
199
 A slower scan rate could lower that peak current 
but the poor photostability problem requires a shorter measurement time. The 
dark current is almost the same, while under illumination CdS/DPABA- 
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sensitized PEC cell displays dramatically higher photocurrent than that of the 
CdS cell. Considering that the light harvesting is identical for both cells, the 
enhancement is plausibly a result of better charge separation after surface 




Figure 7.2 Photoelectrochemical performance of the CdS and 
CdS/DPABA-sensitized PEC cells: (a) photocurrent-voltage characterizations 
in dark or under AM 1.5G, 100 mW cm
2
 illumination; (b) photostability 




The photostability of the relay molecule modified PEC cell is also 
remarkably enhanced, as revealed in Figure 7.2 (b). At beginning, both cells 
produced a normalized current to 1, but then it gradually dropped with light 
soaking. After 300 s, the one without DPABA modification remained only 
15%, in good contrast to 48% for the device with relay molecule. This is also 
consistent with the bleaching effect shown in Figure 7.3, where 
TiO2/CdS/DPABA photoanode displays better absorbance than that without 
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DPABA after 300 s light illumination. 
 
The unstable property is caused by the photocorrosion process: 2CdS (h
+
) 
→ CdS + Cd2+ + S. Therefore, in previous studies, S2 was usually introduced 
into the electrolyte to stabilize CdS, which could quickly remove holes from 
CdS forming S2
2
, and at the same time compensate for the loss of S
2
 from 
the light absorber. Another additive SO3
2











 However, the stabilization mechanism in this 
chapter is mainly due to faster hole removal process: CdS (h
+





 is a radical cation that is much more stable than 
CdS (h
+
) in aqueous solution. As a result, the whole system is stabilized over 
the relative slow OER process. The improvement of photostability makes it 
possible to collect enough hydrogen and oxygen to confirm whether it is really 
overall water splitting. 
 
 
Figure 7.3 UV-Vis optical density spectra of different photoanodes: TiO2, 
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TiO2/CdS, and TiO2/CdS, TiO2/CdS/DPABA after the photostability 
measurement. 
 
One may argue the improvement might just come from the passivation of 
both CdS and TiO2 exposed interfaces. Hence, stearic acid (SA, the molecular 
structure is shown in Figure 7.4) was employed for the sensitizer modification. 
I chose this molecule because the molecular length is very close to that of 
DPABA and they both have a carboxylic binding group. SA only exhibits 
passivation instead of any electronic effect. The photoelectrochemical 
performance and photostability are shown in Figure 7.4. The photostability of 
the CdS/SA shows slight improvement as a result of a better passivation, but 
the photoelectrochemical performance become worse than the reference 
device without modification, which is reasonable because stearic acid acts just 
as an insulating barrier layer for the OER process. 
 
  
Figure 7.4 Photoelectrochemical performance of the CdS and CdS/SA- 
sensitized PEC cells: (a) photocurrent-voltage characterizations in dark or 
under AM 1.5G, 100 mW cm
2
 illumination; (b) photostability measured at 0 
V vs Ag/AgCl/KClsat. The working area is 0.28 cm
2
. The inset shows the 




In order to quantify the productions of H2 and O2, photocatalytic water 
splitting measurement was carried out with a gas chromatography (Section 
2.7.4), which is shown in Figure 7.5 (a). The generated gases were determined 
to be hydrogen and oxygen with a ratio around 2:1, affirming the overall water 
splitting. There is some delay in the gas evolution at the initial stage, as the 
formed oxygen or hydrogen dissolve in the solution first before they emerge 
into gas phases.  
 
The long-term hydrogen generation is not that high compared with PEC 
cells employing Na2S/Na2SO3 electrolyte, because the sacrificial agents 
(Na2S/Na2SO3) help stable the long-term photostability of the PEC cells. 
However, for the oxygen generation, it is the first time that 
semiconductor-sensitized PEC cells are demonstrated the capability of 
carrying out the OER process. The faradaic efficiency for the 120 min 
measurement is 87.2%, indicating some irreversible reaction occurred, 
presumably the decomposition of CdS resulting in a lower oxygen generation 





Figure 7.5 Photocatalytic water splitting measurement for CdS/DPABA- 
sensitized photoelectrochemical cell: hydrogen (blue curve in a), oxygen (red 





The above results have drawn a clear conclusion that 
CdS/DPABA-sensitized photoelectrochemical cells perform much better in the 
overall water splitting. The relay molecule could remove the photogenerated 
holes to facilitate the charge separation and restrain the photocorrosion process, 




In conclusion, a novel method for overall water splitting in the 
semiconductor-sensitized photoelectrochemical cell is developed by grafting a 
relay molecule onto the surface of the semiconductor sensitizer. In this 
particular study, a triphenylamine derivative DPABA was anchored onto the 
CdS-sensitized TiO2 photoanode and dramatically enhanced performance was 
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observed due to better charge separation by removing the hole from CdS VB 
to DPABA. 
 
In future study, the performance of overall water splitting in the 
semiconductor-sensitized photoelectrochemical cell could be further improved, 
with other sensitizers, such as CdSe and CdTe, to improve long wavelength 
light absorption. In addition, I believe that a more rationally designed 
molecular structure with good catalytic property towards OER reaction, or 
grafting IrO2 or other oxidation catalysts,
200
 would greatly enhance the overall 
water splitting and further stabilize the PEC cells under operating conditions. 
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Chapter 8 Conclusions and Recommendations 
 
8.1 Conclusions 
The main objective of this thesis is to enhance the performance of 
mesoscopic semiconductor-sensitized photoelectrochemical cells with 
interfacial engineering. At first, I investigated various approaches, including 
ZnS, metal oxide, inert coadsorbent and molecular relay. Even though ZnS 
and metal oxide have been proved to be effective in polysulfide-based SSCs, 
limited improvement was observed in the solar cells employing cobalt 
bipyridyl complex electrolyte, which is a good candidate for higher VOC due to 
the much more positive redox potential. The best interfacial engineering way 
is to utilize the molecular relay that is inspired by the donor part in D-pi-A 
dyes, and dramatic enhancement of VOC, jSC, efficiency, photostability has 
been achieved by the surface modification with DPABA. 
 
However, the structure of DPABA is not optimized. Hence, more 
judiciously designed triphenylamine relay molecules were detailed studied to 
display the influence of molecular relay structure in Chapter 4. The conclusion 
is very similar to that in D-pi-A dyes that longer alkoxy chains and benzoic 
acid binding group really exhibit plosive effects. As a result, 
CdS/PAPC-sensitized solar cells show the best performance with IPCE closed 





factor of 64.0%, and power conversion efficiency of 2.84%, which is among 
the highest with CdS as the only sensitizer so far. Cadmium sulfide, however, 
is not an ideal light absorber because of its relatively large bandgap of 2.42 eV. 
Therefore, other semiconductor sensitizers with long wavelength light 
harvesting, such as CdSe were attempted to replace CdS. Since the valence 
band of CdSe is higher than CdS, the relay molecules are required to have 
more negative redox potentials in order to remain enough driving force for the 
hole injection from CdSe to molecule. Here, two new relay molecules with 
more negative redox potential are introduced to modify the interface of CdSe. 
Although the performance is not so good as CdS/PAPC-sensitized 
photovoltaics, the power conversion efficiency is still enhanced by 57% and 
44% in CdSe/BPCA and CdSe/FCA-sensitized solar cells, respectively 
compared with the device without any modifications. 
 
To further understand the mechanism of semiconductor/relay system, 
transient absorption was carried out to determine the time constant of charge 
separation in Chapter 5. The CdS/PAPC system was chosen because PAPC
•+
 
is easy to be detected due to a characteristic absorption peak at 770 nm where 
both CdS and PAPC display zero light harvesting. The formation of PAPC
•+
 is 
< 1 ps, indicating that the hole transfer rate from CdS valence band to 
molecular relay is very fast. The disappearance rate of PAPC
•+
 is in the 





. The photocorrosion process is suppressed because the high 
energy holes only reside in the semiconductor sensitizers in an extremely short 
time. 
 
Compared with the n-type SSCs, p-type SSCs suffer from much poorer 
device performance mainly due to the low quality of NiO and slow charge 
transport process. Hence, in Chapter 6, I modified the conventional sol-gel 
approach to synthesize NiO nanocrystals in order to improve the material 
quality. For the charge transfer issue, similar concept was applied, for which 
an electron acceptor, HVP
2+
, was anchored onto the CdSe sensitizers to 
facilitate charge separation. Even though the performance was improved by 
50.4% with these modifications, I have to admit that the efficiency is still two 
orders of magnitudes lower than the n-type counterpart. The reason mainly lies 
in the inefficient charge collection process due to the poor electrical property 
of the metal oxide film. 
 
Besides photovoltaic applications that have been focused on in Chapters 
3-6, another application for photoelectrochemical cells is water splitting for H2 
and O2 production. The key problem is the sluggish OER process with which 
the high energy photo-generated hole would oxide the semiconductor 
sensitizers leading to the instability of the system. Instead of simply using 
sacrificial agent to scavenge the holes, DPABA relay molecule was utilized to 
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remove the hole from the semiconductor interface. This concept worked again 
that overall water splitting was achieved with a ratio of hydrogen to oxygen 
around 2:1 initially. However, the long-term photostability is still to be further 
improved, since the molecular relay is not specially designed for OER process. 
 
8.2 Recommendations 
Although progress has been made on the interfacial engineering for high 
efficiency and stability semiconductor-sensitized photoelectrochemical cells, 
several important issues are required to be optimized, especially for 
CdSe-sensitized solar cell whose current density is still not comparable to that 
in polysulfide-based solar cell. Therefore, more work is required to further 
improve the device performance and to insightfully understand their kinetic 
mechanism. 
 
8.2.1 Structure modification of phenoxazine and ferrocene 
derivatives 
The simplest phenoxazine and ferrocene derivatives (BPCA and FCA) 
have been proved to be effective for cobalt electrolyte-based SSC, which is 
discussed in Chapter 4. However, the performance is still not satisfied 
compared with that with polysulfide as electrolyte. This is very similar to the 
case of triphenylamine derivatives that the simplest DPABA is not the best 




Referring to the optimization process of the molecular structure of 
triphenylamine in Chapter 4, the long alkoxy chains and phenyl ring spacer 
group would be preferred to reduce the recombination and enhance charge 
separation process. Hence, it is expected that these strategies would be applied 
to phenoxazine and ferrocene derivatives as well, for a high photovoltage, 
current and consequently high power conversion efficiency, especially for 
CdSe-sensitized solar cells. 
 
8.2.2 Kinetic study for other semiconductor/relay system 
The preliminary kinetic study has been carried out based on the 
CdS/PAPC system in Chapter 5. However, it is believed that different 
semiconductor/relay systems would exhibit different kinetic properties, such 
as different charge separation and regeneration time constant. The key point is 
to detect the cation state of the molecular relay after it accepts a hole. 
Fortunately, there is usually a color change during this process and could 
easily be determined by chemical or electrochemical method combined with 
ultraviolet-visible spectroscopy. 
 
The colloidal quantum dot solution is much better for kinetic study than 
photoanode, since there is no metal oxide substrate leading to a less 
complicated system. In addition, photoluminescence (PL) is also a 
conventional approach to investigate the time related process, which would be 
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an alternative characterization for the charge transfer study. 
 
8.2.3 Interfacial engineering for other types of solar cells 
The interfacial engineering has been demonstrated to be effective in 
semiconductor-sensitized photoelectrochemical cells. However, in terms of 
power conversion efficiency, SSC is far more behind other types of solar cells, 
such as perovskite solar cells, which have drawn an increasing attention due to 
their impressive performance, especially high efficiency.  
 
Revealed by the study in this thesis, the interfacial engineering has been 
displayed to exhibit better photovoltaic performance due to the suppression of 
charge recombination and facilitation of charge separation. Therefore, it might 
be a useful approach to modify the interface between perovskite and 
hole-transporting material to enhance the charge transfer process and further 
improve the power conversion efficiency. 
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